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19. Continued

However, the use of the 3 approach developed in this research program satisfies in gene-
ral the requirements of geometry independence. If the plies bounding the delamination
plane are unidirectional, the mode I and mode II delamination resistance as measured by
J are the same as that measured for delamination of a unidirectional composite laminate.
The use of G for such a comparison gives the erroneous indication that delamination re-
sistance for a multidirectional composite is greater than for a unidirectional composite
Delamination of multidirectional laminates with off axis plies bounding the initial de-
lamination starter crack always resulted in the growth of the delamination crack into the
adjacent ply. For mode I delamination, the crack would move into the ply several fiber
diameters and then grow at the same elevation thereafter. For mode II delamination, the
crack tended to migrate further from the original delamination plane as it grew along the
length of the specimen. For both mode I and mode II delamination, the critical J for
crack growth was greater for multidirectional (delamination planes) laminates than for
unidirectional laminates. In the case of mode I delamination, the delamination resistancL
did not seem to vary with fiber orientation whereas it monotonically increased with increa-
sing with increasing fiber orientation for the mode II case. The use of a mode I induced
precrack gave artificially low initial values for mode II delamination crack growth
which soon increased to a steady-state value. Since fiber bridging does not play a signi-
cant role in mode II delamination, the R-curve like behavior is thought to be an artifa-
of the use of a mode I crack to begin mode II delamination, rather than representing som,
meaningful description of material behavior. Strain field around the tip of growing cracKb
for neat resin and delamination have been made. The critical strain to failure at the
crack tip is typically 3x to 10x the elongation observed in a tensile test. This indi-
cates that tensile-tests on brittle systems are truncated by propagation of-incipient
flaws. On ductile systems, tensile tests must have some significant degree-of strain loca-
lization prior to fracture. The large crick tip strain fields measured in brittle system:
are exaggerated in part by the inclusion in the displacement, measures of microcratking
induced displacements in addition to resin strain. A highly complex strain state has been
measured for ,mode II delamination of multidirectional laminates.
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I. RESEARCH OBJECTIVES

The objectives of this study have been (1) to develop analytical and experimental
procedures for determining the mode I and mode II delamination fracture toughness
of unidirecional and multidirectional fiber reinforced composites using a J integral
approach; and (2) to acquire a better understanding of the fracture physics for mode I
and mode II delamination of these materials, including the study of strain fields ahead
of the crack tips for unidirectional and multidirectional delamination crack growth.
The investigation of a physically based fracture criteria that can be of significance to
better understand delamination and could be incorporated into mathematical models
of delamination will also be considered.
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II. RESEARCH SUMMARY

INTRODUCTION

One of the most attractive features of fiber reinforced composite materials, is that
they outperform their metal counterparts in stiffness-to-weight and strength-to-weight
ratios. This is particularly important in aerospace applications where considerable
weight savings can be very significant. Other significant features of composites include
the possibility of tailoring their mechanical and thermal properties. Such capabilities
are useful in the design of complex and sophisticated components that could not be
made of existing metals or alloys (e.g., components with a zero or negative coefficient
of thermal expansion; aircraft wings with aeroelastic tailoring).

1. Delamination of Fiber Reinforced Composites

An appropriate use of composites in service applications demands an adequate
understanding and knowledge of composite behavior, including mechanical properties,
thermal propei ties, chemical stability, and failure modes and characteristics. One which
is particularly important and of major concern is their delamination fracture resistance
in the presence of cracks. Delamination involves virtual separation of adjacent plies
in the thickness direction of the composite for whicth the material is not reinforced.
Fig 1.1a illustrates a schematic of a fiber reinforced composite material showing the
laminated structure which makes it susceptible to delamination. Under service condi-
tions, delamination can develop from several sources, including fabrication flaws such
as matrix cracks and voids, free edges, holes or notches, ply drop-offs, bonded joints,
and any load-path discontinuity (Fig. 1.1b) [11.

Delaminations can occur undf-r three modes, mode I or opening mode, mode II or
shearing mode, and mode III or tearing mode (see Fig. 1.2). Delaminations can grow
under any single or combination of these modes. However, most of the research has
been concentrated in mode I and mode II delamination. In fact, a recent review of de-
lamination done by Sela and Ishai [1[, includes eighty of the most relevant publications
done on mode I and mode II delamination. The study of mode III delamination has
been much more limited [2-6.

Delamination can be affected by several intrinsic as well as extrinsic factors. These
factors include loading rate i3,7 , fatigue loading [7-8], and environmental exposure to
temperature, moisture, and radiation [7,9,10,111. The nature of the resin has been
found to have a considerable effect on delamination behavior. Composites made with
brittle resins have lower delamination resistance than composites made with tougher
resins [9,12-14]. Delamination resistance has also been found to increase going from
mode I to mode II delamination [14,15,16]. However, the increase seems to be smaller
with composites made with toughened resins and sometimes not significant at all [14].

Another factor influencing delamination is the fiber/matrix interfacial strength.
Poor fiber/matrix interfaces can limit taking full advantage of matrix toughness, par-
ticularly for mode I delamination [10,17,181. Other factors affecting delamination in-
clude resin and fiber volume content [12], void content [191, creation of starter cracks
L30, and angle of reinforcement [16,21,22,23].
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2. Delamination Fracture Characterization

In view of the complexity and importance of delamination in composites, a proper
characterization of this fracture phenomenon is of paramount importance. In general,
characterization of delamination invoJves the development of analyses and experimen-
tal techniques to measure delamination fracture toughness, the study of the fracture
physics through in-qitu and postmortem observations of the fracture process, and ide-
ally, micromechanics based analyses of the fracture process. The information gathered
through this process can be useful in several ways. First, the screening of composites
can be accomplished in terms of their resistance to delamination fracture. Second, de-
lamination testing can be used to develop, improve, and optimize materials with respect
to their delamination performance. Third, delamination characterization is needed in
the design and analysis of structural composite components.

The usefulness of delamination fracture characterization mentioned in the previous
parag-aph assumes analyses and experimental techniques used to measure delamination
fracture toughness are capable of revealing intrinsic material fracture behavior, free
from test configurations, methos of data reduction, or any other artifact related to the
test method. Some examples include specimen geometry (i.e. crack length, specimen
size), and/or material response (i.e., ductile or brittle behavior, damage development,
etc). If the test method meets these requirements, then the variables which affect
delamination can be controlled in the test and their influence established. In addition,
by means of the study of delamination fracture physics through in-situ and postmortem
observations of the fracture process, a better understanding can be achieved between the
macroscopically measured fracture parameters and the micromechanics of fracture. In
general, delamination fracture characterization of composites using fracture mechanics
and fracture physics, is needed to be able to develop reliable structural components
made of composite materials.

2.1 Delamination Fracture Parameters

2.1.1 The Energy Release Rate G

Determination of the delamination fracture toughness of fiber reinforced compos-
ites has been mostly done using G, an energy release rate parameter approach to
fracture [1-4,6-16,19-22]. Considering the cracked body shown in Fig. 1.3, G is de-
fined by the change in total potential energy H" per unit area of crack extension A and
represented by,

G -(1.1)

More convinient forms of this expression are often obtained in terms of the com-
pliance C of the loaded body [24]. This is useful since C is defined as the ratio of
displacement b and load P. Often, a closed form solution of C is derived based on
specimen geometry or when this is not possible, experimentally determined compliance
information can b. used.
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Figure 1.3 A linear elastic cracked body

Figure 1.4 Homogeneous body of a linear or nonlinear
elastic material subjected to a two aimen-
sional deformation field
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One of the advantages of using G in fracture characterization is that it is a global
parameter. It is based on a global energy balance approach to fracture. The energy
available for crack growth equals the change in strain energy stored in the body and
external work done on it with respect to crack extension. For crack growth the energy
available to produce crack growth (the crack driving force). must equal or be greater
than the energy required to propagate the crack (crack resistance force). This criterion
can be expressed as

G > (1.2)

G, then is an intrinsic property of the material which measures the materials
intrinsic resistance to crack growth. G represents the crack driving force for crack
growth, which depends on loading and geometry of the cracked body.

The use of G as a fracture characterization parameter assumes all the energy
available was used to create a new crack surface. Therefore, eq.(1.1) applies only to
elastic bodies. This means that crack extension is the only process in the body which
consumes energy. If other processes such as plasticity or distributed damage (often in
the form of microcracking in multidirectional composite laminates) develop as well. G
will most likely not be a valid fracture parameter.

Originally, the derivation of this fracture parameter was done by Griffith 25' when
he approached the fracture of an ideally brittle material from a thermodynamics point
of view, though the modern nomenclature was introduced by Irwin.

2.1.2 The J Integral

The other fracture parameter that has been used to characterize delamination
fracture toughness of composites is the J integral 17,26-341. The original derivation
of this integral was done by Eshelby '351, but the first to recognize its potential use
as a flcture pa-ameter was Rice !361. The application of the J integral in fracture
was originally intended for characterization of nonlinear elastic materials and latter for
elastic-plastic materials.

The J integral expression as originally introduced by Rice is given by 136',

J = (Wdx, - T -u ds) (1.3)
axi

F is a counterclockwise contour path surrounding the crack shown in the body
in Fig. 1.4, u is the displacement vector, ds is an element of arc length along F. T
is the traction vector, and W is the strain-energy density. A unique feature of this
integral is that regardless of the integration path chosen, the J integral is an invariant
for identical loading conditions. This path independence can be used to show that for
an elastic material, J is equal to the rate of decrease of the total potential energy and
therefore synomymous to G [361,

= H (1.4)

A
J G (1.5)



This energy release rate interpretation of J can be useful in determining J values
froai experimental load-deflection records and for component fracture predictions.

The J integral has been also applied to fracture of elastic-plastic materials when
deformation plasticity (actually a nonlinear elasticity theory) is used to idealize elastic-
plastic behavior. The restrictions to this application are in conditions of proportional
loading such as is the case prior and up to crack initiation. In the case of a growing crack
of an elastic-plastic material, elastic unloading and nonproportional loading around
the crack tip takes place. Under this conditions, the J integral is no longer path
independent and its usefulness is restricted.

An important feature of this integral derives from its path independence. That is.
it can be conveniently evaluated so as to use global or far field quantities to approximate
it. This is the case when the integration path is taken through specimen boundaries
where displacements and tractions are known. When the path is taken in the vicinity
of the crack tip, near field information can be obtained. Therefore, global far field
quantities provide a measure of the near field state of the cracked body.

A new adaptation of the J integral has been made by Schapery 37 tc characterize
crack growth in inelastic media with large deformations. The source of inelasticity can
be due to several factors including microcracking, microslipping, plasticity, and rate
processes (viscoelasticity). In the absence of body forces this adaptation of J yields
371,

J T,u)dL (1.6)

4, in this case is a strain-energy like function called a work potential that describes
material constitutive behavior in the presence of inelastic behavior. nj is the unit
outward normal in the x, direction. The tractions T, are defined using the piola
stresses.

O4)
(1.7)

dL is along (P. All quantities are in reference to the undeformed configuration.
The body is assumed homogeneous in the x, direction and the crack parallel to this
axis (xi axis).

Schapery has also shown that the energy release rate interpretation approach to
fracture still holds if 4 is used instead of the strain energy W in eqs. (1.1) and (1.4)
to define the potential energy FlI 341.

2.2 Delamination Testing

2.2.1 Test Configurations

Several specimen configurations have been proposed and used to characterize de-
lamination fracture toughness experimentally. By far, the most-used specimen for mode
I delamination is the double cantilever beam (DCB) specimen (Fig. 1.5a). A modified
DCB specimen is the width-tapered DCB commonly refer to as (WTDCB) and shown
in Fig. 1.5b 38,39'. The effect of the taper yields an expression of G which for an



applied load is independent of crack length. Therefore, crack measurements are not
necessary. For steady state crack growth, an average value of G, is calculated using
the average value of load during this state. Another modification that can be made
to the standard DCB specimen is by stiffening the arms of the DCB when stiff beams
are adhered to them (See Fig 1.5c) '391. The motivation for doing this is to ensure
geometrically linear behavior of thin laminates.

Another configuration that can be used to study mode I delamination is the Arcan-
type specimen !401. As seen in Fig. 1.5d, when the loading angle a = 900. mode I
loading is induced at the crack tip. However, mixed mode (00 < a <. 90') as well as
1mode Ii (a = 00) can be achieved with this configuration. The versatility of loading
from mode I to mode I1 obtained with this specimen has been used to develop a failure
criterion for combined mode I and mode II delamiration '411

Several other specimen configurations have been proposed and used to study mixed
mode III delamination (e.g., 142-46i) and mode III delamination (e.g., i32-36i) testing.
These are of peripheral interest in this study. However, it should be noted that the wide
variety of specimen configurations available allows the study of delamination fracture
criteria for loading varying from mode I to mode II and mode III. Mode I and mode
II are of primary interest in this research effort; they provide an extreme point in the
failure envelope. This indicates accurate mode I and mode II test methods are essential.
Also, the phenomenology of delamination that can be revealed through mode I and
mode II testing can be expected to be found to varying extents for mixed-mode tests.
Therefore, the knowledge obtained is not necessarily limited to the pure mode I and
mode II cases. Also, the results of mixed-mode may be useful in interpreting the results
from pure mode I and mode II tests.

Mode 1I delamination test configurations, besides the Arcan-type specimen, are the
end-notched flexure test (ENF) [473, the center-notched flexure test (CNF) [48], and the
end-loaded split laminate test (ELS) (44]. Figure 1.6 shows these test configurations.
By far, most of the mode II delamination testing has been done with the ENF [8-
11,15,16,19,21,47,49-513 and the ELS tests [23,44,52-561. One of the most significant
features for the use of the ENF test for mode II delamination has been its relatively
simple configuration. It is basically a three-point bend test setup (see Fig. 1.6a). On
the other hand, an attractive feature of the ELS test is its ability to allow the study of
stable crack growth. Nevertheless, it requires a somewhat more complicated setup.

2.2.2 Data Analysis Procedures

Data analysis procedures for delamination testing can be classified into several
groups. These groups are primarily divided upon the assumptions and limitations of
each method and are therefore of special concern Most data analysis procedures involve
the fundamental assumption that composite mechanical behavior is essentially linear
elastic. Therefore, the delamination fracture parameter measured with these tests is
G. Generally, this assumption is valid for composite laminates with unidirectional
layups. However, multidirectional layups may undergo inelastic processes which cause
nonlinear behavior that invalidate this assumption.

The first group of data analysis assumes that test specimens are beam structures
that can be modelled using linear beam theory. As a result, closed form solutions
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I of G can be obta;ned in terms of the load applied, crack length, and other specimen
dimensions and moduli. Also, if displacements are used, the moduli can be eliminated
from the solutions. Shear deformation corrections can also be incorporated through
the use of the shear modulus. This has been a common practice with the ENF test
50,55]. A typical P-6 during delamination under linear beam theory and linear elastic

conditions is shown in Fig. 1.7a.
A second group of data analysis schemes use experimental approximations of com-

pliance versus crack length (e.g., [30.36,39,50,56,571). These approximations are deter-
I mined by loading and unloading a specimen at various crack lengths. Curve fitting is

then used to approximate the compliance-crack length relationship.
Analyses which attempt to account for geometric nonlinearities comprise the third

group of data analyses methods (e.g., '58,591). Geometric nonlinearities occur when
large displacements and rotations develop with thin (highly compliant layups) or with
tough composites that require large loads to delaminate. Fig. 1.7b shows a P-6S record
during delamination of a geometrically nonlinear case. Typically, nonlinear beam the-
ory is used as the basis of these analyses. Also, analyses that account for geometric
nonlinearities from large rotations of the tabs used to load the DCB and ELS specimens
have been developed [59,601.

All the previous data analyses procedures that have been reviewed assume lin-
ear elastic material behavior. A fourth general approach removes this assumption and
allows for material and geometric nonlinearities. Fig. 1.7c shows delamination of a
nonlinear elastic material (material nonlinear behavior). In this case, the area method
is the approach used 7,19,39,52,56,61]. Basically, with the area method, Gc is approx-
imated for a finite increment of crack growth Aa, and it can be defined as the energy
required to create a new crack surface area,

1 U
G =- Aa(1.8)

B !a
where U is the area shown in Fig. 1.7 under the P-b delamination plots. There are
several advantages with this method. First, it is applicable to linear and nonlinear
material behavior as well as linear and nonlinear geometric response. Second, since
the method uses directly the P-b diagrams, eq.(1.8) is valid for all test configurations.
Third, no knowledge of moduli is required. However, the area method can not be
used when composite laminates undergo inelastic material response since it implicitly
assumes that all the energy consumed is used to create the new crack area. Inelastic
composite response may develop in the form of plastic deformation and microcracking
(distributed damage).

The iast group of data analyses and reduction methods are the ones that precisely
attempt to differentiate between the energy consumed in energy dissipating processes
and macroscopic crack growth. They allow for limited inelasticity and material nonlin-
ear behavior as well. Fig. 1.8 shows typical P-6 record of delamination with inelastic
behavior. The most significant procedure that has been developed in this group of
analyses is the one by Schapery. He used multi-valued work potentials to account for
inelastic material behavior in the calculation o; G and J for the DCB (mode I delam-
ination) specimen [34,37]. His analysis resulted in an expression of J in terms of the
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moment-curvature relationship of the DCB legs but was limited to overall small rota-
tions and displacements. He noted that the path-independence of J could be maintained
even in the case of crack propagation, as long as crack advance occurs at a constant
crack tip moment. For mode II delamination, no successful approach has been es-
tablished. An attempt to correct for nonlinear P-6; curves obtained using the ENF
specimen has been reported by Carlsson et al [491. However, their proposed correction
to G can only account for non-linear effects caused by subcritical crack growth (slow
stable crack growth prior to maximum load) and does not account for inelastic effects
such as resin yielding and damage. In the case of the ELS test, Ilcewicz and co-workers
F7] attempted to use the energy release rate interpretation of J along with a technique
employed for testing of metals by Landes and Begley [62,631. Their approach was not
successful for mode II delamination but they reported critical values of J for mode I
delamination of unidirectional specimens that underwent permanent deformation.

2.3 Results of Delamination Testing

As it has been already pointed out, mode I and mode II delamination have been
the subject of most of the reserach in the past years [1]. This research has been limited
for the most part to unidirectional composites. A variety of investigations have been
done to understand the effect intrinsic and extrinsic factors on delamination (see section
1). However, for the scope of this study, the validity of fracture parameters and test
procedures are of major concern.

2.3.1 Unidirectional Composites

Characterization of unidirectional delamination behavior has been performed with
relative success. G has been commonly used to characterize delamination [1-4,6-16,19-
22]. With the exception of very tough composites, G has been found to be a valid
delamination fracture parameter. Very tough composites often show nonlinear behavior
that limits the use of G. Some studies have identified nonlinear P-6 curves as that shown5 in Fig. 1.9 [39,52]. Point I indicates the onset of nonlinearity, and in some systems has
been identified with the beginning of crack propagation [49,54,64]. G associated with
point I has been observed to be as much as 16% lower than G for stable crack growth
[64]. Point M denotes the point of maximum load during delamination. C is a point
during crack propagation. The point at which displacement is no longer increased is
S. If the displacement is not immediately reversed, the load may drop off to a point A
at virtually constant displacement. When the data reduction method uses particular
P-b pairs, the point which is chosen can be significant. Typically investigators do
not specify their practice, which often leads to discrepancies when comparisons from
different sources are made. The behavior shown in Fig. 1.9 represents stable crack
growth. If unstable crack growth occurs, point S would be the point when unstable
growth begins and A would be associated with dynamic rather than quasi-static crack
arrest.

For some unidirectional systems the P-6 curves do not return to the origin upon
unloading, displaying permanent deflection [30,521. This has been observed for both
mode I and mode II delamination. Processes such as matrix cracking and fiber-resin
pullout (in the case of mode I delamination) were identified as probable causes. When

I|
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this is the case, G in not a valid fracture parameter. For mode I delamination, a
successful formulation using work potentials and the J integral with the DCB specimen
have been developed to approach this inelastic behavior [37]. The approach is limited
to linear beam theory. This might not always be appropriate since tougher composites
tend to undergo large rotations and deflections.

2.3.2 Multidirectional Composites

In most actual composite structure applications, laminate layups are multidirec-
tional instead of unidirectional. The use of unidirectional data to screen materials or
in structural design and analysis can only be justified if unidirectional response reflects
multidirectional behavior. There are at least two reasons to expect multidirectional
behavior to differ from unidirectional behavior. First, the character of the matrix r.ia-
terial may have much more effect on composite behavior for the multidirectional case.
Viscoelasticity or inelasticity of the matrix is more likely to be reflected in multidi-
rectional than unidirectional layups. Second, the complex stress state that develops
within multidirectional laminates may induce responses that are unlikely to occur in
unidirectional ones.

Relatively few investigations have been done to study mode I or mode II delam-
ination of multidirectional composites [38,44,45,65-69]. There exists an incomplete
understanding of how their behavior differs from that of unidirectional ones. Of partic-
ular interest to this investigation is what special problems must be addressed in their
testing, and what variables determine their toughness.

Some investigators have reported a two to three fold increase in G 1, going from uni-
directional to multidirectional delamination planes [67]. However, others have measure
similar delamination fracture toughness for unidirectional and multidirectional lami-
nates [38]. Ply jumping, crack deviation, and branching have been observed [38,65,66],
and are believed to be the result of edge effects (width). As a result, a wide range of
fracture toughness values were observed as a function of crack length. There is therefore
reason to consider how to interpret the results in a way that is relevant to analysis for
crack growth in structures. Another study of mode I delamination of multidirectional
layups has found that tests performed using layups with 00 plies except at the frac-
ture plane at which there was a ±10°or ± 450 interface, the stiffness of the composites
were similar to that of the unidirectional layup, and the toughness values were also
similar. However, as the percentage of off-axis plies was increased and the modulus
decreased, the size of the zone of microcracking at the crack tip increased, as did the
amount of damage in the specimen away from the crack tip. Analysis methods which
did not account for the effect of far field damage gave results showing a large increase
in apparent fracture toughness. However, when data analysis was performed using a
damage-dependent J integral, the intrinsic fracture energy was found to be compara-
ble to that for the unidirectional composite in three of the four systems tested. This
suggests that there exists an intrinsic fracture energy which is independent of interface
angle. However, it should be noted that this conclusion is based on limited data.

With regard to mode II delamination, only composites with woven reinforcement
have been studied [16,21]. It has been reported that G 1 c increases as the angle of
reinforcement goes from being parallel up to 450 with delamination direction. These



14

tests were done using the ENF test and nonlinear P-6 records were obtained. No expla-
nation was provided to explain this behavior and its effect on GII, was not addressed.
Whether far field damage development took place or not, it was not mentioned. If this
is the case, an analysis that distinguishes energy used in the creation of the crack and
far field damage is needed for mode II delamination.

Determination of mode I and mode II delamination fracture toughness of multidi-
rectional composites poses numerous questions that do not arise when studying unidi-
rectional ones. When delamination tests are done, one seeks a geometry-independent
material fracture parameter. The question of geometry-independence has not been ad-
equately addressed for multidirectional testing of mode I or mode II specimens. Studies
of the multidirectional DCB specimens have shown that the fracture energy of a speci-
men can vary widely with crack length if fracture mode transitions (e.g., ply jumping)
develop. This poses a problem and a challenge in interpreting and reporting data. One
can always use the lowest bound for the delamination fracture toughness measured.
This at least provides information of the lowest energy fracture mechanisms that take
place. However, it does not provide insight into the full range of material behavior.
In fact, material development and improvement can be optimized if higher toughness
behavior can be properly studied. If this is desired, the choice of data analysis methods
is limited since most methods are inapplicable when geometric, material nonlinearity,
and inelasticity take place as it occurs with multidirectional layups. There is a need to
develop data analysis methods which are capable of revealing the details of the various
fracture processes.

It has been reported both that in some instances mode I multidirectional fracture
toughness is similar to the unidirectional value and in some it is not. In particular,
the effect of stacking sequence on delamination resistance is not clear. The usefulness
of a correlation between unidirectional and multidirectional laminate toughness is very
great, since it would permit to perform a simple test to obtain information for many
complex layups.

The development of far-field damage has been reported to be a complicating fac-
tor in delamination testing. Particular care must be taken to discriminate between the
energy available for fracture and the energy dissipated in the generation of far-field
damage (e.g., microcracking). As it has been noted, very few investigators have at-
tempted to develop analyses and tests that properly account for damage [26,30,34,37].
Far-field damage is associated with stacking sequence. Matrix dominated layups and
layups with large differences in interface angles generate more damage. However, in
test specimens such as the DCB and ELS, damage can be due not only to bending
stresses but also due to tensile stresses in the legs where the angle of rotation of the
legs is large.

In addition to the introduction of far-field damage, the stacking sequence can
potentially affect the delamination process by inducing a local three dimensional stress
state leading to local mixed mode I/II/IlI, even if globally only pure mode I or pure
mode II are applied.

3. Delamination Fracture Physics

One of the most significant aspects of delamination fracture physics is the valuable
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knowledge provide through observations of the mechanics of delamination. Observing
the way in which delamination takes place is not only of mere academic interest but is
also valuable for understanding test results, material response, screening of materials,
and development of new materials and test methods.

Among the most common practices to study delamination fracture physics is post-
mortem observations of the cracked surfaces. Typically, the fracture surfaces are ob-
served with the naked eye, through optical microscopy, or with more advance methods
such as scanning electron mircoscopy (SEM). Several important findings are worth men-
tioning. For example, the differences in the fracture mechanisms of mode I and mode II
delamination of unidirectional composites correlate well with their delamination frac-
ture resistance. It is widely accepted that for brittle composites, mode II fracture
toughness is larger than its mode I counterpart because the hackled surface (jagged
appearance) formed during mode II delamination [14,52,70,71] reflects a more tortous
crack path than the almost featureless fracture appearance of mode I fracture surfaces
[521. Therefore, more energy is required to propagate the crack in mode II than mode I
delamination. On the other hand, in the case of very tough unidirectional composites,
where the increase in delamination fracture toughness going from mode I to mode II
delamination is almost nonexistant, a comparison of their fracture surfaces indicated
no significant differences. Instead, both showed resin yielding and deformation as the
primary process preceeding fracture [14].

Understanding the importance of the fiber/matrix interface has been also revealed
through postmortem fracture surface observations. Often, the poor fiber/matrix inter-
faces are revealed by bare fibers with little or no resin adhered to them [23,521. It seems
that extracting all the resin toughness is restricted if the fiber/matrix interface is weak,
although for tough systems, the fibers are also believed to limit G, by not allowing it
to fully deform [121. Also, the fiber/matrix interface is more critical for mode I than
mode II delamination [21].

The study of the fracture physics of delamination via in-situ observations has been
also helpful in understanding composite delamination behavior [23,51,71]. In a study
in which delamination growth was observed for mode I and mode II delamination, it
was observed that damage zones develop ahead of crack tips. Further, the damage zone
for mode II loading was considerably larger than for mode I. This information further
substantiated the increase in fracture toughness going from mode I to mode II loading.
The damage zones were characterized by microcracking of the resin. In the case of a
composite with a tough resin, the damage zone also showed extensive resin yielding
and was found to be at least 10 times larger than the one of a brittle composite [52].

As discussed in the previous paragraphs, most of the effort in understanding de-
lamination frcture physics has been limited to microfractographic studies of fracture
mechanisms (i.e., microcracking, hackle formaton, size of damage zones ahead of crack
tips, fiber/matrix interfaces) by means of in-situ and postmortem observations in the
SEM. These findings have been very useful in correlating measured delamination frac-
ture toughness with loading modes (mode I, mode II), and fiber/resin systems (tough
and brittle) combinations. An additional application of delamination fracture physics
that is currently emerging is in the efforts to define an appropriate physically based
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fracture criterion. Such criterion can be of significance to better understand delamina-
tion fracture physics. Also, it can be incorporated into simple analytical or numerical
models and is essential in the development of micromechanics based analysis of the
delamination fractue process. Ideally, delamination fracture toughness should be pre-
dicted from constitutive properties of the resin and fiber. Perhaps one of the most
important contributions in accomplishing this task is the measurement of strain fields
in the neighborhood of the crack tip. Hibbs and Bradley [72] have utilized a stereoimag-
ing technique originally developed for metals by Davidson and Langford [73] to measure
the surface displacement field around the crack tip from which the strain field field was
calculated. Their results were encouraging. However, the technique is limited in res-
olution since the photographs taken of the specimen loaded in the SEM must be at a
sufficiently low magnification so that a zero displacement reference point is in the field
of view.

More recently, Hibbs, Bradley and Burghart [74] have developed a new technique in
which a very fine pattern of regularly spaced points may be placed in the neighborhood
of the crack tip on the specimen surface at intervals as small as 2.5 Y. Then the specimen
may be loaded in the SEM and the new positions of the dots determined, allowing the
relative displacement to be measured and the strain field around the growing crack to
be calculated. One of the major advantages of this technique is that a higher resolution
around the crack tip can be obtained by working at a higher magnification. In this
way, local strain to failure can be determined with considerable precision. In fact,
an important question to be addressed in establishing a physically based local fracture
criterion is whether a critical local strain achieved over some critical volume (or distance
ahead of the crack tip) can be used as a failure criterion.

4. Objectives of this Study

The objectives of this study have been (1) to develop analytical and experimental
procedures for determining the mode I and mode II delamination fracture toughness
of unidirecional and multidirectional fiber reinforced composites using a J integral
approach; and (2) to acquire a better understanding of tb3 fracture physics for mode I
and mode II delamination of these materials, including the study of strain fields ahead
of the crack tips for unidirectional and multidirectional delamination crack growth.
The investigation of a physically based fracture criteria that can be of significance to
better understand delamination and could be incorporated into mathematical models
of delamination will also be considered.



17

ANALYSIS OF DELAMINATION: A J-INTEGRAL APPROACH

1. Motivation

The primary motivation for the use of the J-integral for mode I and mode II
fracture toughness characterization is its ability to be a valid fracture parameter when
nonlinear elastic and some inelasticity is undergone by the material being tested. In
+he previous chapter, it was noted that the J-integral is capable of accounting for
distributed damage [34,37]. Also, the J-integral as proposed by Schapery includes the
development of a failure/damage zone ahead of the crack tip [37]. As reviewed in

Chapter I, damage zones characterized by extensive resin yielding (in the case of tough
composites) and microcracking develop ahead of mode II delamination crack tips.

Another feature of the J-integral which makes it suitable for delamination frac-
ture toughness characterization is that it can be used to account for geometric and
material nonlinearities. Geometric nonlinearities arise with thin composites or highly
toughened ones. Multidirectional composites, which are typically more compliant thanI Leir unidirectional counterparts are also subject to geometric nonlinearities.

The evaluation of the J-integral requires the knowledge of the stresses and dis-
placements in the body where it is being evaluated. Often, closed form solutions are
not available which forced the use numerical analyses. This requires knowledge of the
constitutive behavior. Since nonlinear material behavior may develop with nonhomoge-
nous, anisotropic composites, the analyses can become very complicated. The use of
the DCB and ELS specimens for mode I and mode II delamination studies, respectively,
leads to a less complicated problem. In the following analysis, simple beam theory has
been used to derive approximate J expressions for the DCB and ELS specimens and
then extended to nonlinear beam theory. Derivation of an approximate expression of J
for the DCB has already been performed under linear beam theory conditions [26,34];
however, experimental data is limited. Methods to evaluate the derived J expressions
are also outlined, particularly when nonlinear beam theory is applicable.

2. Approximate J Analysis of Delamination (Linear Theory)

The DCB and ELS specimens have been chosen in this study to characterize mode
I and mode II delamination, respectively. Essentially, a split laminate beam is used
for both specimens; however, by changing the loading configuration, the delamination
mode is changed. The ELS loading configuration is obtained by reversing one of the
loads in the arms of the DCB specimen such that instead of having opposite loads on
the beam arms, both loads are applied in the same direction (See Figs. 1.5 and 1.6).

Prior to the evaluation of the J-integral for the DCB and ELS specimen, let us
consider some preliminary concepts of beam theory. Consider an elastic, homogeneous
in the x, direction, orthotropic beam as that shown in Fig. 2.1a. Beam theory states
that under the application of a constant bending moment M, the curvature K of the
beam is defined as 1. Under small strains assumptions, K can also be found to be
related to the applied moment M, the flexural modulus Eb (not necessarily the same
as the axial modulus E), and the moment of inertia Im of the cross-section,
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M
K Eb 1,(2.1)

The midplane curvature can also be described by

aIu2

K = _ (2.2)1 / 2 3/2

where u1 and u2 are the displacements in the x, and x2 directions, respectively. Further,
if a-2 (the slope) is small compared to 1, linear beam theory states that an adequate
approximation of K is

K = a2 U 2(2.3)

With linear beam theory then, it is assumed that plane sections remain plane and
normals to the midplane remain normal, even when shear loading is present. When the
length L of the beam is much larger than the thickness h, shear effects are negligible.
These effects can also be neglected in the calculation of the strain energy since most of
the energy is due to bending of the beam.

2.1 Mode I DCB Specimen (Linear Theory)

A DCB specimen is shown in Fig. 2.2 loaded by points loads. A counterclockwise
path is taken such that rotations are small and linear beam theory applies. The eval-
uation of the J-integral for the DCB will be denoted by JI ; likewise, for the ELS, JII

Beginning with equation (1.6), a two dimensional form of J is given by

J = f(tn, - Tiui,1 )dL (2.4)
F

No contribution to the J-integral comes from paths 1,3,5,7 since at these locations,
Ti = 0 and ni = 0. At path 4, 4t = 0 and T = 0 as long as it is far enough away from
the crack tip to be in the unstressed region. The only contribution to J comes from
path segments 2 and 6 where nj = -1 and dL = -dx 2 . Further, due to symmetry, the
contribution to J from paths 2 and 6 are equal. Therefore,

JI I
2 = ( D + Tiui,l)dx2  (2.6)

(2)

The tractions Tj are,

T1 = Sln 1 + S 12n 2 = -S 1  (2.7)

T2 = S 2 1nj + S 2 2 n 2 = -S21
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Due to the symmetry of the stress tensor, S 1 2 = S 21. The strain energy like potential,
in the context of negligible shear effects (small deformations) is given by

ell

, 1 S ld 1  (2.8)

0

S11 and Ell are the Eulerian stress and the strain due to bending. The prime superscript
denotes a dummy variable of integration. Upon subtitution of eqs. (2.7) and (2.8) and
noting that in the context of linear beam theory u1 ,1 = Ell = -x!2K and the slope u2 ,1

does not depend on x 2 , it can be shown that,

-SljX 2 dX2:dA' K ] 51 X2 dX2 -U 2 ,1 ] 5 2dX2  (2.9)
0 h h h

2 7 2

Noting that

h7

f M
SlIx 2dx 2  B M (2.10)

B

_h,

2

and substituting this equations into (2.9), integrating by parts, and simplifying

J2  d I 2P' 2 ' f B u, 2  (2.12)

0

Since u2 ,1 i = K, the slope u2,1 can be expressed by

U2,1 = f Kdxl (2.13)

a

where xl is the location of the path and a is the crack length (cf. Fig. 2.4). Making a

change of variables using M = Pxl and inverting the limits of integration, substitution
of eq. (2.13) into (2.12) gives

Mt'P

JI KdM (2.14)
B f

0
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where Altip = Pa. This result was derived by Schapery [341. Graphically, the integral
is the area to the left of the moment-curvature, curve as shown in Fig. 2.3.

For an orthotropic, linear elastic material with material axes aligned with the beam
axes, eq. (2.14) combined with (2.1) can be shown to reduce to

j12 P2 a 2

BEbIm BEI, (2.15)

Comparing this equation with the expression of GI '44' based on linear beam theory
assumptions confirms that G = J for the conditions assumed.

Equation (2.15) indicates the crack driving force is only dependent on the moment
at the crack tip, Htp, when shear deformation is negligible. Thus, when deflections of
the DCB are large enough that the load-line to crack tip distance. ap, is significantly

less than the crack length, a, in the undeformed configuration,

P
2 a

2

J1=- Iv (2.16)
BEbI,

This result was derived by Williams using nonlinear beam theory with G '59'.
The ability of the J approach just derived to characterize steady state crack growth

beyond initiation when damage develops in the arms of the DCB, is possible since as
argued by Schapery '34', as long as continuous crack growth reaches a steady state
value, a constant maximum crack tip moment is reached. This critical moment is the
maximum moment which any section of the arm of the DCB will experience as the crack
passes. Thus, as the crack grows, all material elements to the right of the original crack
tip will undergo identical unloading paths. This will assure the path independence of
J1 even when unloading takes place as the crack grows.

The 31 - K relationship in eq.(2.14) has to be dependent only on 'I (thus, inde-
pendent of i) in order for this equation to be valid. Furthermore, bending-twisting,
bending-stretching, and bending shearing coupling are neglected.

2.2 Mode II ELS Specimen (Linear Theory)

An ELS specimen is shown in Fig 2.4. In the same manner as done for the DCB,
a counterclockwise path is taken such that rotations are small and linear beam theory
applies. Starting with eq. (2.4), it can be seen that the contributions to J around the
path are only those due to path 2,6 and 4. For the other paths, T, = 0 and n, = 0. Note
that in order for T, = 0 in paths 1 and 7, friction effects are assumed to be negligible.
Further, paths 2 and 6 are the same as in the DCB case; therefore, the superscript
(C) will be used to indicate the contribution to J from the cracked portion of the ELS
(paths 2 and 6) in eq. (2.12) to get

JCi = 2J K'dI - ff 2 (2.17)

0

Evaluation of the contribution of the uncracked portion of the ELS (path segment
4) can be done starting with eq. (2.4). Since ni = 1, n2 = 0, and dL = dX2 ,
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J'1 T( - Tiui, 1)3x 2  
(2.18)

1* (4)

Proceeding in a similar fashion as before, the tractions are

T = 511ni - $12n2  S11  (2.19)

T2 = S 2 1 n 1  - nn2 - S2 1

Again due to symmetry S12 = S21. Substitution of eqs. 2.19 and 2.S into 2.18 and

under linear beam theory assumptions, it can be shown thatI
K hh

J3i - J J SllX2 dX2'dK - K J SI1X 2dX2  U2,1 I 12 dX2  (2.20)

0 3h 3h 3h

2 -2

The boundary conditions are now

S1 1X2dX2  M (2.21)

3h| 2

-12d 2 B (2.22)

3h

2

Substituting this equations into (2.20), intergrating by parts, and simplifying,
Mu

,

J11 B J K'dAI + -U,2 (2.23)

0

The total contribution to J for the ELS can now be simply found by adding equations

(2.23) and (2.17) to get

I =B I "dM , 2 (2.24)
0 

0

This equations can be simplified since the slopes can be expressed by

3 a
2 J K-dx1 + fKcdxl (2.25)

L a

U
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I dx, (2.26)
*L

where x' and x' are shown in Fig. 2.4 and represent the location of the paths on the
cracked and uncracked portions of the ELS. Since the moments at those locations are
MC = Px' and MU = 2Px, making a change of variables, substitution of eqs. (2.25)
and (2.26) into (2.24) will yield,

NICtp tsp

JK11cdM - I f KudM (2.27)

0 0

where Ac p = Pa and Al up = 2Pa represents the crack tip moment for the cracked
and uncracked portion of the ELS specimen. Note that J11 is independent of where
the paths are originally taken. Equation (2.27) has been derived assuming linear beam
theory applies but inelastic material behavior is allowed. However, for an orthotropic,
linear elastic composite with homogeneity in the x, direction, the M - K relationships
can be evaluated using eq. (2.1) to obtain,

hi = - I.6P2a2

BEbI - BEbI (2.28)
This result is the same as that derived by Vanderkeley using G and linear beam theory
[44), which confirms that J = G for the conditions assumed.

Equation (2.28) indicates that similar to the mode I case, mode II delamination
depends only on the moment at the crack tip if shear deformation is neglected. There-
fore this equation applies for geometric nonlinearities as long as the load-line to crack
tip distance, ap is used instead of a,

6P 2 a'
hi BEbI (2.29)

This result was also derived by Williams using nonlinear beam theory [59].
With regard to the ability of J to be a valid fracture parameter to characterize

steady state crack growth in the presence of damage away from the crack tip of the

ELS specimen, it should be noted that contrary to the DCB configuration, the crack
tip moment during crack growth is not the maximum moment seen throughout the
ELS. In fact, at any section to the right of the crack tip (uncracked portion of beam),
the moment will always be larger than the crack tip moment. Therefore, as the crack
grows, if inelastic behavior is experienced in these sections, the unloading paths will
not be the same. If this is the case, Jjj will not be path independent. However, the
independence of the J can be maintained if the uncracked sections behave elastically
and inelasticity does not develop until the crack grows into these sections. Under these3 conditions, all unloading paths for a constant crack tip moment will be the same.

Similar to the mode I derivation of J , the analysis for mode II does not take into
account include bending-twisting, bending-stretching, and bending-shearing coupling.

I
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For a more detailed derivation of the previous analyses, references [221 and [75]
are provided. These are Ph.D. dissertations of two of the students that worked for this
research project.

3. Approximate J Analysis of Delamination (Nonlinear Theory)

In the previous J-integral analyses of the DCB and ELS, the use of linear beam
theory required that rotations were small throughout the specimen or at least a path
could be found where this condition would be met, in addition this path would be far
enough away from the crack tip that linear beam theory applied. Also, no mid-plane
straining occurred. Finally, the moment curvature relationships were independent of
the position along the beam. For the next analyses, all these restrictions are removed.

3.1 Mode I DCB Specimen (Nonlinear Theory)

Consider the DCB specimen of Fig. 2.5a where large rotations develop. Once
more, start with eq. (1.6) which defines the J-integral . Because large deformations
are now allowed, all quantities are referred to the undeformed configuration (Fig 2.5b).
As before, the only contribution to J comes from paths 2 and 6, Thus,

h

I J (4 + Tiui,1 )dX2  (2.30)

h

Assuming negligible through-thickness strains have a negligible effect on the dis-
placement gradients and negligible shear deformation effects, Goetz [22 has derived
expressions of these gradients when large rotations are undergone by the DCB legs,

u1,1 = -1 + cosO(l ') - X2 K*cosO (2.31)

U2,1 = -sin9(1 4- ') + X2 K*sinO

9 is the slope angle at the path location as shown in Fig 2.5a. c' is the midplane strain.
K* is the curvature of a plane in the beam which does not strain and is given by

K* = (1 + E)K (2.32)

K is the curvature of the midplane. When no midplane straining develops (as assumed
with linear theory) K* will become K.

The stresses will be expressed in terms of components which are due to the moment,
axial, and shear forces acting on tae cross-section. This separation allows an easier
simplification of the results using the force and moment resultants. Consider first the

notation that will be used from the free body diagram of the portion of one leg on the
specimen from the path to the end where the point load is applied. See Fig. 2.6a. The
resultant of the forces normal to the cross-section is denoted by H. The resultant of
the forces transverse to the cross-section (i.e., shear resultant on the section) is denoted
by V. From force equilibrium,



26

0 :C

00

CC

a, ~
0E

aj
'0

in ca



27

V = Pcoso

H = PsinO 
(2.33)

Now consider an elemental cube at a point along the path (Fig. 2.6b). The SH is the
stress due to the axial force H, S is the stress due to the moment M, and 1

"y is the
shear stress due to the shear force V. Transformation of the stresses from the xC - x3
coordinate system to the x, - X2 system gives

S11 = (SH + SM1)cos 29 - 2rvsin cosO
S 2 = (SH SM)sin 2o - 2rVsincos9

22 1 - 27s~n~os8(2.34)

S 12 = -(SH _ SM)sinOcosO - rV(COS20 - sin 20)

S2 1 = S12

Since evaluation of eq. (2.4) is now made using the undeformed configuration due to
large deformations (rotations) along the beam, the Eulerian stresses (with respect to the
deformed configuration), Sij, need to be converted to Piola stresses oij (with respect
to the undeformed configuration). The transformation is done using the relationship,

uaijnjdAo = Sijn d dA (2.35)Ij
where nj are the components of the outward normal to the surface element in the
undeformed configuration; nd are the components of the outward normal to the surface

element in the deformed configuration; dAo is the area of the face of the material
element associated with nj in the undeformed configuration; and dA is the area of the
face of the material element associated with njd in the deformed configuration. The
Piola stresses are now found substituting eq.(2.34) into (2.35) and since ni = -1,

n2 = 0, n d = -cosO, and n d = sinO, assuming dAo = dA,

,11 = (SH + SM)cosO - rVsin(

0'21 = -(SH + SM)sinO - rVcosO (2.36)

Evaluation of the work potential function 4 will be done as before assuming neg-
ligible shear deformation such that each point along the path is in an state of uniaxial

stress, and can be calculated with

S= odc (2.37)

0

where o, is the nonzero principal stress and E the nonzero principal strain. The strain
can be written in terms of the curvature and midplane strain, and is given by [22]

f = f - X 2 dK" (2.38)

From Fig. 2.6b, the principal stress is
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=SH SM (2.39)

I Differentiating eq.(2.38) and substituting it along with eq.(2.39) into eq.(2.37), the first
term of eq.(2 .30) can be expressed as

JP cdX2  JJ (SH + SIM)d(eO)'dX 2  I J (gH + 5A7 )X2 d(K*)'dX2  (2.40)
Lt 0 h 0

From the deiiinof SH and S", H dX=

BI
I~ JSh x 02sxd (2.41)

substituting these into eq.(2.40)

J4PdX2 = -EC s InO - -1 J Md(K-)' (2.42)

I 0
With the first term of eq. (2.30) calculated, the second is now evaluated. Expansion
of the traction gives

ht h
2 2IJTjuj, 1dX2  f (or1 1uI1 + o 12u2,1)dX 2  (2.43)

I The shear force resultant on the cross-section is (Fig. 2.6b)

~V B (2.44)

I Now, eq.(2.31) and (2.3) can be now be used along with eq.(2.41) and eq.(2.44) to give

P in +MK* (.5I j@ 1 IU1 ,1 + 0o12 u2,I)dX2 =(+ CO)~sn B (2.4B
ft
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Using this result with (2.42) in (2.30)

K"I IP (1, P0 -n MK
- -Asin-- + (1d(E +sin0+ MB (2.46)
2 B B B B

0

Simplification by integrating by parts give the final result

2I 2P
JB = h*d -+ P-sinO (2.47)

0

This expression indicates J depends on the moment-curvature relationship, local mo-
ment, slope angle, and load.

Equation (2.47) is analogous to (2.12); it is more general since it allows for midplane
straining, large rotations, and large strains along the beam provided the change in the
area of the cross-section is negligible (dAo = dA). Further, if the integration path isItaken near the crack tip, where the slope angle is essentially zero, eq. (2.47) is analogous
to eq. (2.14). When no midplane straining occurs, K* = K and J is given by (2.14),
the result for the geometrically nonlinear case.IJ can also be calculated if the path is chosen at the loaded end so that M = 0 and

JI = 2- sinO (2.48)

The effect of midplane straining is implicit in the slope angle 0. Devitt et al. and
Williams have calculated G for the DCB using nonlinear beam theory for a linear elastic
material without midplane straining. Their relationship is basically the same as that in
(2.48), indicating that their results are more general than originally thought. However,
they did not show this because their analysis assumed midplane inextensibility.

3.2 Mode II ELS Specimen (Nonlinear Theory)

IConsider an ELS specimen as shown in Fig. 2.7., where large rotations develop at
the path locations. Similar to the geometric linear case, it can be shown that the only
contribution to J comes from paths 2,6, and 4. Further, 2 and 6 are the same as the
mode I DCB geometry. Therefore, their contribution to J , starting with (1.6) is given
by

2 t2 + 2Ps
= -J(K-)cdM' + -P- in Oc  (2.49)

0

Evaluation of the contribution of the uncracked portion of the ELS (path segment 4)
can be done in the same way in which it was done for the DCB except that now, the
direction of integration and sign of the outward normal are opposite to those of the
cracked portion. Thus,



30

I 222

2
C

cS
U

tv
0 2.2 U)
* m W
0.
S )) ~

C
0")

0 .~2
'I' ~2~2 0
I 4J

z I ~ L20~
-. I .~0

5 0 0
U, S V -2

0 ~

'~' U
*
*
* .. 220

'-'.-~ 2
0 '~ 2

2

'U uU'~

a. p4

A

I
I

*1
0
c
S
U

S

00.
SS
U
c

C., S
a

U

In~-. cd 0.Sc

0U
-S

'U
cc
Wa

a
,-. c

a. ("I
a. a

5-
6~S

I1.~



31

fJu ((. - Tiui, 1)dX2  (2.50)
3h

The resultant forces will now be

V = 2PcosOI ~H = 2Psin9 2.1

and the limits of integration will be from -hto tsneheoinOfXisateI midplane of the upper cracked leg. Proceeding in the same manner as for the DCB leg,
the first term of eq.(2.50) will be given by

2P
(DdX2 = 'Wsi B I MdK) (2.52)

Expanding the second term of eq.(2.50) +T 1 ud 2 (.3

J Tjuj, 1dX2 = 41U~ J '22IdX 25)J
2 2-

e

and using eq.(2.36) and (2.31) along with the boundary conditions, rai

P (MK*)U 5.

(allUl,I + a 1 2 U2 ,I)dX2  (1+ E) BsinO' + B(2.54) or
hh

Substitution of this equation and (2.52) into (2.50), n

Te:

U 02P 1 Idk* 1+ 2P +(MA-)U (.5
O.~sinou I d(- ,E)-sIn89+(.5

BB] B B
tra

simplyfying and integrating by parts, the

)at]

' 1 fK-ldM' -- 2Pn (2.56) Itia
B 

B

The final result is obtained adding eq. (2.56) and (2.49) to get
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MC Mu

J1 I (K)UdM 2 I iO _ - sn (2.57)
0 0

This expression indicates that J depends on the moment-curvature relationship, local
moment, slope angle, and load of the cracked and uncracked segments of the ELS
specimen.

Similar to the DCB case, this equation is analogous to (2.24) for the linear case.
Furthermore, if the paths are chosen close to the crack tip, the slope angle terms cancel
each other to get

JII = 2 (K-) dM - I (2.bd)
0 0

2 1
J = B -

This equation is analogous to (2.27) except that K* replaces K. This indicates that
equation (2.27) is more comprehensive than what it was previously derived for; it will
account for geometrically nonlinear behavior (large rotations).

The analyses for mode I and mode II delarmination using the J-integral and work
potential theory derived do not treat bending-twisting or bending-shearing coupling
(particularly in the x, - x plane). The complexities of the state of stress near the
crack Up which changes in the X3 direction (plane stress-plane strain transitions) are
not explicitly accounted for and are incorporated by calculating an average J which is
done away from the complexities of the crack tip. Poisson effects which can lead to
concavity of the beam (anticlastic curvature) are not accounted for in the JI and J 1
expressions. However, using moment-curvature relationships that have been obtained
from specimens having the same width and thickness of the delarninating specimen will
account for this behavior implicitly.

4. Methods to Evaluate the J-integral for Delarnination Testing

4.1 Mode I Delamination

Evaluation of J1 in its most general form would be for an arbitrary path away from
the crack tip and the end of the DCB legs, by measuring the load, P, the slope angle, 0,
the load-line to path distance (to measure the local moment), and the moment- K* rela-
tionship. In general, the M-k* relationship will be unique to the path since k* depends
on midplane strain. However, if the rnrdplane strain is small, K* is approximately
equal to K and the moment- curvature relationship will be essentially independent of
position along the beam.



33

Determination of the value of JI for crack growth requires making all the afore-
mentioned measurements on a DCB specimen at the onset of crack growth. Also, the
complete M- K* relationship at the path location needs to be recorded. This approach
is not practical, and when material behavior behaves inelastically , those measurements
on the DCB specimen cannot be used to find J1 . An alternate method is one in which
a delamination test is performed to determine the critical value of the moment at the
crack tip, Nltip , together with an auxiliary test to evaluate the J vs Mtip relationship.
This follows from consideration of (2.48), when the path is taken near the crack tip
such that Jr is given by the first term of equation (2.47) with the Mtip as the upper
limit of integration.

For the delamination test, point loaded DCB specimens are loaded in displacement
control to the point of crack extension. During advance, the load and load-line to crack
tip distance, ae, are measured. The position of the crack tip is marked to correlate J
with crack length, a. Mtip is given by the load times ae.

A specimen similar to one leg of the DCB is used in the auxiliary test to deter-
mine the J1 -Mtip relationship. It is a beam with the same width and layup which is
cantilevered at one end and loaded with a point load at the other. Strain gages are
mounted on the top and bottom of the specimen to measure the longitudinal strain.
Figure 2.8 illustrates this test. A J1 vs Mtp plot is generated when as the specimen is
loaded, at successive loads the load, P, the slope angle, 0, the load-line to path distance,
l load-line to fixed end distance ae, and the strain gage outputs are measured. The
moment at the strain gages, M9 ( where the integration path is evaluated) and the
moment at the fixed end (corresponding gage readings are used to calculate K* since
the strains on the top and bottom surfaces, fTandfB and the thickness h are related
to K* by [22],

h (2.59)

With this equation, the data from this test, P, 9, Ml, K* , and Ahtip is used to
calculate J for a given Mtip using (2.47). Due to path indendence , the position of
the strain gages does not matter although, as it will be shown latter, they can not be
placed too close from the cantilevered end. Because of the unique relationship of Ji
and Mtip , one equation can be used to reduce data taken from the DCB when the
crack was at various lengths.

The results of the two type of tests described are a set of Mtip values corresponding
to crack growth and the JI -Ntip relationship. Combining the data gives a set of critical
J1 values for crack growth.

Evaluation of J1 requires consideration of material which is loading rather than
unloading when inelastic behavior develops. Therefore, the material used for the J1
-Mtip test must be previously unloaded. When the material is elastic the unloading
behavior and the loading behavior are the same and J1 can be found without the
auxiliary test. Particularly, (2.48) can be used where the paths are taken at the ends of
the legs of the DCB. Since only the load and the slope angle are needed, it is possible
to automate the angle measurement by using rotational potentiometers or some other
rotational transducer. J can then be determined continuously during crack growth.
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In the case of inelastic behavior, equation (2.48) can be used for the auxiliary test.
A particular attraction of this procedure is that strain gages are not necessary. Another
alternative to evaluate the JI - ,1,ip relationship is to chose the paths close to the crack
tip such that slope angle measurements are not necessary. However, this would require
the placement of strain gages at or very close to the fixed end. The problem with this
approach is that the constraint of the fixed end could affect the strain gage readings in
an unanticipated way. Experimental results concerning these effects will be presented
later.

4.2 Mode II Delamination

Evaluation of J11 with the ELS, for the more general case, equation (2.56),requires
the measurement of the load P, the load-line to crack and uncracked path distances I1,
l,, their corresponding slope angles, 0, and 0,, and the MC - (K,*) and MU - (KA)
relationships. During the mode II delamination test, the aforementioned quantities
would have to be measured during crack growth. Unfortunately, this is an impractical
procedure. Furthermore, when inelasticity develops, the measured J1 1 would not be
valid due to unloading behavior taking place as the crack advances.

An alternate method to evaluate J11 is one in which the paths are taken close to
the crack tip such that JII is given by equation (2.58). During a delamination test,
under displacement controlled conditions, the load P, the load-line to crack tip distance
ae , and the slope angle Otip at the crack tip during crack advance are monitored.
Also, the location of the crack tip a is located using pencil marks on the edge of the
specimen to correlate it to Juv . From the load P and load-line to crack tip distance,
the critical moments at the crack tip for the cracked and uncracked segments of the
ELS are calculated. Even though Otip does not explicitly appear in (2.58), it is needed
to evaluate the moment-curvature relationships for the cases when midplane straining
occurs, which affect these relationships. When crack growth is relatively stable, several
sets of Mtip (for cracked and uncracked portions of ELS), Otip, and a can be output for
crack growth.

With the information obtained during the mode II delamination test, similar to
the DCB case, the moment-curvature relationship is evaluated using an auxiliary test.
However, in this case, in addition to the auxiliary test for the legs of the ELS, another
one is needed for the uncracked portion. Also, the effect of Otip needs to be assessed
on the moment-curvature relationships. A convenient way of accomplishing this task
derives from the path-independence of the JI . From (2.47), it can be seen that for one
leg of the DCB, equivalent to the auxiliary test shown in Fig. 2.8b, its contribution to
the total J is given by

K - h 'dM + -'sIn (2.60)

0

where M., is the moment at a distance x form the load line and 0, is the slope angle
at the x location. Evaluation of the moment-curvature relationships at different fixed
slope angles can be done by equating the results of(2.60) when the path is taken at the
load line (x=0), and taken at any location x away from it. Therefore,
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-2 = -SinOload K-dM - -sinO (2.61)

where 0oad is the slope angle at the load-line. Then, solving for the 1l - K relationship
one obtains

K di = P(sinOload - sino ) (2.62)

0

The moment-curvature relationships for the cracked and uncracked portion of the
ELS test can now be determined by conducting the test shown in Fig. 2.8b using
beams identical to these portions, using the measured moments and slope angles at
the crack tip during crack growth. An advantage of this procedure is that it is not

necessary to measure surface strains. Only by means of the load P, the load-line to
path distance x are the moment-curvature relationships evaluated. Furthermore, these
can be measured at any desired slope angle such as is the case of the slope angle during
actual crack growth Otip during mode II delamination of the ELS.

Once the moment-curvature relationships are measured, they can be uSed in (2.58)
to obtain values between J11 for crack growth and a.
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DELAMINATION TESTING

The main objective of this section is to investigate variables which are anticipated
to be of importance in determining the mode I and mode II delamination fracture
toughness of composites, particularly multidirectional ones, using the J theory outlined
in the previous chapter.

The effect of stacking sequence on tougness is of primary interest. Essentially
there are two questions: First, what is the effect of particular combinations of ply
angles at the delamination plane? Second, what is the effect of a high percentage
of off-axis plies? The first question deals mostly with the effect of layup near the
crack tip; the second with more general specimen behavior, such as far-field damge
and viscoelasticity. To investigate these effects, tests were conducted using several
layups:unidirectional specimens (to form a baseline for comparison), specimens with
various ply angles at the delamination plane, but with a high percentage of 0' fibers.,
and full angle-ply specimens.

Another concern is possible geometry dependence of delamination resistance on
crack length. For mode I delamination, the dependence of delamination resistance on
crack length was performed using specimens with very short crack lengths; for mode
II delamination, this dependance was assessed by means of varying the slope angle at
the crack tip which changes with crack length. The dependence of toughness on the
crack-length-to-width aspect ratio is an intimately linked issue. Tests were conducted
on specimens of different widths for the angle-ply layup. Tests were also conducted on
specimens of different thicknesses to check the possible dependence of J on number of
plies.

Rate effects on mode I delamination were addressed through a series of experi-
ments to determine the correlation between J and crack speed. Unidirectional, fiber-
dominated, and angle-ply specimens were tested.

To study the possible influence on delamination of matrix damage due to in-plane
loading, a few experiments were conducted on material which had been predamaged
by inplane fatigue loading. Also, the effect of very tough matrices on the ability of the
proposed J-integral to characterize delamination is addressed in the case of mode II
delamination.

3.1 Materials and Procedures

The composite materials used in this investigation were AS4/3502. T2C145/F155,
and T6T145/F185. The former is manufactured by Hercules Inc. whereas the latter
two are manufactured by Hexcel Corporation. The AS4 graphite fibers have an average
tensile strength of 520 ksi [521. The T2C145 and T6T145 graphite fibers have an average
tensile modulus of 34 msi [22,521. The 3502 epoxy is a highly cross-linked brittle resin
with a tensile elongation of only 1.5% and a fracture toughness of approximately 0.4
lb/in [54[. The F155 is a medium cross-linked rubber toughened epoxy with about 6%
elastomer by weight. Approximately 4% is liquid carboxy-terminated solid particles
(Picar 1472). It has a tensile elongation of 5.2% and a fracture toughness of 4.18 lb'in
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-- [22]. Finally, the F185 epoxy resin, the most ductile resin of the three, contains 8.1%
by weight of the liquid CTBN and 5.41472 particles. It has a strain to failure of 8-15%
and a fracture toughness of 34 to 46 lb/in [52].

All laminates were made from 12 inch prepreg tape of the three type of materials
used. The laminates were cured according to the cycles recommended by the manu-
facturer. The curing procedures were done in an open-cavity press at the Naterials
and Structures Laboratory at Texas A&M University. The layups used for the mode I
and mode II delamination studies are shown in Tables 3.1 and 3.2, respectively. The
starting crack at the midplane of the DCB and ELS specimens were introduced on all
panels by means of a teflon insert 0.001 in. thick. The same material was used to
separate part of the laminate (during hand layup prior to curing) into two half lami-
nates. These half laminates were used to obtain specimens from which to evaluate the
contribution of the cracked legs of the DCB and ELS specimens in JI and J1 1 . For
the ELS, uncracked specimens were used to evaluate the contribution of the uncracked
segment of the ELS into Ju .

DCB, ELS, and J -Mti, and I -Mti, , I,, -ltip specimens approximately 1 inch
wide and 10 inch long were cut from the cured plates using a diamond blade cutter.

Some 0.5 inch and 2 inch wide specimens were also cut. The DCB specimens were cut
out of the plates so that the starter crack was generally 2 inches long. The starter crack
for the ELS specimens was typically at least 3 to 5 inches long. However, this varied
from plate to plate.

Aluminum and brass tabs were bonded to the cracked end of the specimens using
an M-bond 200 adhesive and 200 catalyst made by MM Measurements Group, Inc,
Raleigh, NC.

350 ohm nominal resistance strain gages were bonded to the JI -Mtip specimens
using the MM measurements Group AE-15 adhesive system. The adhesive was cured
in an oven at 140 'F for two hours. Gages were mounted in pairs-one on top and
one opposite it on the bottoro of the specimen. Gages were centered with respect to

the width. The strain gages had effective gage lengths of either 0.0625, 0.125, or 0.25
inches. Matched gages were used for each specimen. The different gage lengths did
not appear to give different results. The gages were all self-compensating for a thermal

expansion coefficient of 6x10 - 6 in/in/0 F.

3.1.1 DCB and ELS Testing

The DCB tests (see Fig. 3.1) were performed for this study using three different
MTS closed-loop servo-hydraulic testing machine with load capacities of 5, 20, and 100
thousand pounds. The testing procedure was the same in each case. The tests were
run in displacement control; displacements were measured by means of a linear voltage
differential transducer (LVDT) mounted on each ram. Loads were measured using load
cells of either 100 or 750 pounds capacity. In the latter case, the full scale calibration
was for 100 pounds.

ELS testing (mode II delamination) was done with a mode II fixture attached to
one of the clo'ed-loop servo hydraulic MTS machines (see Fig. 3.2). During testing,
this fixture prevents the uncracked beam end from any rotation, while allowing free
longitudinal movement to keep the concentrated load perpendicular at the loaded end.
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I Figure 3.1 DCB test configuration (mode I)
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I- " • ..

I Figure 3.2 ELS test configuration (mode II)
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Table 3.1 Laminate layups used to study mode I delamination

Desi gnat ion Layup

Unidirectional EO,. ]

+-45 fiber-dominated (+-45/0,/-+45]..,,

+-45 angle-ply [+-45/(-+45)2 /(+-45),/+45 ,

+-45 angle-ply (16 ply) [+-45/(-+45)2/-+45]..,,

+-45 angle-ply (16 ply)
(antisymmetric legs) [(+-45)91

+-10 fiber-dominated [+-1O/0,/-+I0]..,

+-30 fiber-dominated [+-30/0,/-+30J..,,

Notes:
1. Subscripts indicate repeated plies or

subsequences.
2. "anti" indicates antisymmetry about the midplane.I3. Layups are 24 plies unless noted.

4. Material: T2C145/F155I

Table 3.2 Laminate layups used to study mode II delamination

AS4/3502 T2C145/F155 T6T145/F185

1 [08] [08] 108]

[024] [02, +-30 ] anti [024]

f 102, +- 4 5] anti

[0161

10241

(0321
[0, (+-45)2,02, (-+45)2,0]s

£ [(-+30) 2, -30, 02, (-+ 3 0) 2, -30 anti

[(-+45)2,-45,02, (-+4 5)2,-4 5 ]anti£
I
I
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ELS specimens were clamped such that most of the specimens were 8 inch gage length.
Some were 6 inch long. A mode I precrack was introduced to all the ELS specimens
to sharpen the initial crack created by the teflon insert and to provide an initial crack-
length-to-beam-length (a/L) ratio of approximately 0.55. At this ratio and larger,
stable crack growth is expected for this test configuration.

Load-displacement records were made during each test using an X-Y recorder. In
addition, computer data acquisition was sometimes used to gather digital load and
displacement data. A Hewlett-Packard 3497A data acquisition unit was connected to
either a Hewlett-Packard 9845B or 9816 computer for this purpose. The digital data
was useful for production of scaled graphs and data reduction using the area method.

Most crack length measurements for the DCB and ELS were made using one of two
methods. (Other methods were used to measure crack length for high displacement-
rate tests). In both methods, the crack tip was first located visually on the painted
specimen edge using a magnifying glass. The position was then marked using a fine
pencil mark. The load-line to crack tip distance was then measured. In the early tests,
this measurement was made using a ruler marked 0.01 inch increments. The precision
of these measurements was limited to an estimated 0.05 inch (about 1 to 3% of the
crack length for the range of crack lengths in a typical test). In order to improve the
precision of the projected crack length measurements, a special device was designed for
use in the later tests. This device is shown in Fig. 3.1 which also illustrates the DCB
test. It consists of a digital caliper mounted on the ram below the lower loading grip
and a transparent plastic piece scribed with a line. During the test, after the location
of the crack tip was marked the sighting line was moved to the crack tip. The load-line
to crack tip distance was then read directly from the caliper. To avoid error due to
parallax , the device was adjustable so that the sighting piece could be moved close
to the specimen edge. The resolution of the digital caliper was 0.0005 inches. The
overall measurement precision is estimated to be no better than 0.02 inches (less than
itest). After completion of the test, the actual crack lengths measured during the test
were measured. This was done after unloading the specimen using the digital caliper
to measure the distance from the load-line to the pencil marks made during the test.

Crack lengths measurements for the DCB test with high crack speeds were done
using two methods. The first used Micro-Measurement crack propagation gages (TK-
09-CPC03-003/DCP) which were mounted in parallel on the edge of the specimen
using the M-bond 200 adhesive. A specimen is shown in Fig. 3.3. Basically, as a crack
grows into the stranded gage, the strands are broken sequentially. During loading, the
specimen was videotaped which allowed the measurement of the load-line to crack tip
distance which was correlated to the the load by timing the experiment. Actual crack
length was determined by the position of the strand on the specimen. Crack speeds were
determined by dividing the increment of crack advance by the time elapsed between
previously determined points. For a more detailed explanation of this procedure see
reference [22].

After construction of the digital caliper fixtures, an alternate technique was used.
Tests were conducted in the normal manner, but no actual record was made of the load-
line to crack tip distance or load. Instead, the test was videotaped. A digital voltmeter
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j Figure 3.3 DCB specimen with crack propagation gages
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I showing the load and a digital stopwatch were placed in the view of the video camera.
The position of the crack tip was marked using a fine pencil mark in the usual way, so
the crack length for each reading could be measured after the test. The corresponding
load-line to crack tip distance, load, and time could be read from the videorecord.

With the exception of the high crack speed tests, most tests were conducted at
I displacement rates of 0.1 inch/min. However, in some were run between 0.005 and 0.1

inch/min.

During the course of a DCB test, load and projected crack length were measured
periodically based on the load-displacement of the specimen. Measurements were made
during crack advance, except for some instances just after sudden increment of crack
growth followed by arrest. Arrest values are specially noted in the discussion of results.

For the ELS test, the load, the slope angle at the crack tip, and the projected
crack length (load line to crack tip distance) were measured periodically. The angles
were measured by means of a simple protractor with a weighted thread to indicate the
vertical. Brass mounts were used to attach the protractor to the specimen. For most
of the ELS tests, the slope angle at the crack tip during crack growth was measured
at the beginning and end of overall crack growth to establish the range at which crack
growth occurred.

1 3.1.2 Tests to Determine the Jj -AMtip and JH 1 1 ip Relationships

The set-up for a typical J -Mtip test is shown in Fig. 3.4. The specimen is loaded
as a cantilever beam (top leg). The lower leg is an identical beam, without strain gages.
This set-up allows the clamped end of the cantilever to move horizontally.

Tests were conducted by loading the specimen in displacement control in incre-
ments. For each increment the curvature, slope, load, and two load-line distances were
measured. The curvatures were measured using the strain gage readings of the topjand bottom surfaces and equation (2.59). A Hewlett-Packard 3497A data acquisition
unit connected to a Hewlett-Packard 9845B or 9816 computer was used to monitor
the strain gage output and reduce the data. The slope of the beam at the location ofIthe strain gages was measured using a simple protractor having a weighted thread to
indicate the vertical (see Fig. 3.4). A second protractor was used to measure the angle
at the loaded end of the beam. Spring steel clips were used to attach the protractor
to the specimen. The load-line distances were measured with the digital caliper and
manually entered into the computer to calculate the moments. The load was increased
until measurements were taken for moments at the clamp corresponding to crack tip

moments observed in the DCB tests.

A limited number of four point bend test were performed to obtain the JI -tip
relationship when no midplane straining develops (as when using equation 2.14). Fig.
3.5 shows an schematic of this test. The strain gages can be located anywhere in the
constant moment region between the interior loading points. The advantage of this

I method is that it is not necessary to measure the load-line to strain gage distance. In
order to avoid friction at the loading points the center loading pins were mounted on

bearings. Teflon film was also placed over the outer loading pins to minimize friction.
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Figure 3.4 Setup to determine the J-Mtip relationships

p Loading

SpecimenFitr

Figure 3.5 Schematic of four point bend test set-up
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Determination of the Jit -Atip relationship was done by performing a variation
of the cantilever beam test used to compute the JI -Mltip relationship on beams repre-
senting the cracked and uncracked portions of the ELS specimen. The test generated
data to evaluate the I, -Atip and I,, -.11tip relationships that define the Jri integral
(equation 2.58). For this test, instead of using strain gages, only the angle at the
path location where the moment-curvature is evaluated is monitored. Therefore, the
moment-curvature relationships were indirectly measured by means of equation (2.62).
The protractor used for this slope measurement was moved along the beam to obtain
variable moments at constant slope angles. This allowed the generation of moment-
curvature relationships at constant slope angle.

During the test, for a fixed load, the movable protractor was typically placed at
three slope angle locations. At each location, the distance from the loaded end was
measured with the digital caliper described earlier. During each load step, the load,
slope angle at the loaded end, and the three locations from the loaded end of the slope
angles along the beam were recorded. The range of slope angles was determined from
the slope angles at which crack growth took place and determined during the ELS test
for each layup. The range of moments tested were also determined from the moment at
which crack growth occurred. These cantilever beam tests were performed with beams
identical to the cracked and uncracked portions of the ELS specimens.

The data obtained was used with (2.62) to evaluate I, -Mtip and I,, -Altip relation-
ships as a function of slope angle. In turn these relationships were used to evaluate J 1
-Mtip curves for all layups tested. The slope angles represent indirectly crack growth
and thus crack length. Therefore, with these relationships it was possible to evaluate
any dependence of the JnI -Mtip curves with crack length.

The length of the beams representing the uncracked portion of the ELS specimen
was 8 inches whereas the ones for the cracked portion was 6 inches. The choice of
lengths was made to facilitate measuring the required moments and slope angles.

3.1.3 Tensile Fatigue Predamage tests

Three monotonic tensile tests were perfomred to determine the average ultimate
tensile stress for 24 ply angle-ply DCB specimens. This stress was used to set the max-
imum load levels for the cyclic loading. Load and grip displacement were recorded on
an X-Y recorder. The specimens were 0.5 inch wide and 6 inches long. Flat aluminum
tabs were bonded to the specimen ends to prevent crushing in the grips.

Three DCB and two JI -Altip specimens were predamaged before delamination
testing. High elongation strain gages (Micro- Measurement EP-08-125AC-350) were
bonded to either side of each specimen using the AE-15 adhesive system. Each specimen
was then subjected to ten tensile load cycles. Specimens were cycled to 75% and 60% of
the ultimate stress. During cycling the strain gages and load were read by a Hewlett-
Packard 3497A data acquisition unit and a Hewlett-Packard 9816 computer. After
predamaging, the tensile loading tabs were cut off and the usual DCB loading tabs
were attached. New strain gages were installed on the J1 -Mtip specimens, since the
old gages had experienced significant permanent strain.
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1 3.2 Mode I Results

3.2.1 Verification of Procedure to Evaluate JI

This section documents tests done which verify tne testing and data reduction

procedures. The objective here is to demonstrate two characteristics of the behavior
Inecessary for the procedure to be useful; namely, (1) the J1 -Atip curves for a particular

layup must be identical for any path chosen to evaluate JI , and (2) the length of the
specimen should not affect the Jj -Mtip curve. In other words, the J1 -Mtp relationship

I should not depend of crack length.
The first characteristic is demostrated by Figs. 3.6-8. The J1 -Mtip relationships

are shown for specimens with unidirectional, ±45 fiber-dominated, and = 4 5 angle -ply
layups, respectively. Curves are shown as derived from different paths for calculation
of Jj . J(end) was calculated using the load and angle at the loaded end of the beam
through (2.48). Strain gage data was used with equation (2.47) to calculate J1 for

other paths, designated as J(gl) and J(g2). Note the agreement of the curves which
confirms the path-independence of the approximation of JI derived in Chapter II. It
should be noted that this verification of the path-independence of the approximate J1
relation is only valid for the conditions assumed in these tests.

Figure 3.9 illustrates that the length of the specimen used to calculate the JI -

mtip relationship does not affect it. One should be able to use a specimen of arbitraty
length to determine it. Therefore, the agreement of these curves for the ±45 fiber-

dominated specimen which has been clamped to give different free lengths, is a check
on the independence of the Ji -Mltip relationship from beam length (i.e. crack length).

3.2.1 Effect of Stacking Sequence on J1 -Mtip

The effect of stacking sequence on JI -Mti, is shown in Fig. 3.10. All specimens
were one inch wide. The layups associated with curves 1-6 had 24 plies total (so
these specimens were 12 plies thick); for specimens 7 and 8, the total thickness was

16 plies (giving 8 ply specimens). The primary characteristic of the curves is that
to apply a given J , stiffer layups require higher crack tip moments. In the case

of curves for the unidirectional and ±100 fiber-dominated layups (numbers 1 and 2),
one sees that the general trend does not hold. However, this is due to the actual
thickness of the specimens. The latter plate was thicker than the unidirectional plate.
Therefore using the measured thicknesses of the specimens, laminate theory predicts

that the ±100 fiber-dominated specimen would be stiffer than the unidirectional one.
The same type of difference in stiffness is seen for curves 4 and 5 which are for identical
stacking sequences. The discrepancy is again due to variations in thickness for the two
different plates. The same is true for curves 7 and 8 which are for specimens with
similar stacking sequences. The variation of the J1 -Mtip behavior due to thickness is

practically significant for the testing method. It emphasizes the importance of using
specimens of the Jl -Mtip tests which are taken from the same plate of the material as

the DCB specimens.
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3.2.3 Effect of Width on Jj -Mtjp

Figure 3.11 shows the Jr versus lltip curves for angle-ply specimens with widths
of 0.5, 1 and 2 inches. The crack tip moment (i.e. moment at the clamp) is normalized
by 'he specimen width. B.,,ause the curves are distinct , it is clear that one must use a
Ji -Mp specimen which has the same width as the DCB specimen used to determine
the 2Vtip for crack advance. It should be noted that in order to completely assess a
possible geometry-dependence of JI on width, J1 -Mtip tests should be combined with
Mtip from DCB tests of varying width.

3.2.4 Moment-Curvature Behavior

Figure 3.12 illustrates specimen behavior via moment-curvature relationships of a
unidirectional and two fiber dominated layups with ±300 and =45' plies. Contrary
to the unidirectional curves, the angle-ply fiber dominated layups show an apparent
stiffening for high moments. This is due to midplane compression since from (2.32),
K* = (1 + E°)K. Fig. 3.13 supports this interpretation since it shows that for bending
without midplane straining, the absolute value of the strains measured on the top and
bottom of the beams would be the same. Note that the compressive strain is larger for
the more compliant specimens. It appears that rather than experiencing a tensile strain
due to the axial tensile force generated when large rotations develop, these specimens
go into compression at the midplane due to a difference between the compression and
tension moduli. Thus, any would-be stretching of the midplane is overwhelmed. The
effect of the difference in moduli is to produce stretching-bending-coupling. even for
nominally symmetric laminates. Another feature of the curves in Fig. 3.12 is uie very
small hysteresis for loading and unloading of these fiber-dominated layups.

The moment-curvature relationship of a ±45 angle-ply specimen exhibits a different
type of behavior, as seen in Fig. 3.14. The apparent stiffening of the fiber-dominated
laypus has been replaced by a strong softening. The hysteresis is also large. The
specimen was also seen to experience permanent deformation upon unloading which
did not recover with time. Therefore, damage took place during loading. The strain
gage data for these layup indicates midplane compression (Fig. 3.15) which was not
apparent from the M - K* plot because the softening due to damage conceals it. It
is clear from the M - K* plots of fiber dominated and angle-ply laminates that the
most significant aspect of the behavior of the angle-ply is that they experience damage
which leads to permanent deformation.

The placement of the strain gages to determine the M-K* relationship that defines
the JI -AMItip curves can be critical for some cases. Figs. 3.16-18 provide evidence of
the errors introduced in the JI -Mtip plots derived from gage placement; unidirectional,
fiber-dominated, and angle-ply layups are shown, respectively. Two paths were used,
away from the clamp (between 2 to 3 inches from clamp) and near the clamp (between
0.36 to 0.22 inches from clamp). It is rather obvious that as one goes from the more
fiber-dominated layups to angle-ply layups, the error in JI becomes larger for a fixed
Altip when the gages are placed near the clamped end. To avoid this problem, gage
placement was always done at no less than 2 inches from the clamped end, which
has also been suggested in [76]. In conclusion, it seems that for angle-ply layups,
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Idetermination of the AM - K* relationship can not be done near thc. clamp where the
slope angle need not be measured.

An alternate method of determining the 11 - K* relationship for calculating Jj
with a near-tip path is by using four-point bend specimens as described in section
3.1.2. The procedure is simpler than using cantilever beam specimens since only the3load needs to be measured during the test. Therefore, data reduction can be fully
automated. Figs. 3.19 and 20 show representative M - K* plots from four-point
bend tests compared with plots of cantilever type tests. All specimens were 1 inch
wide. Significant differences can be seen between the two methods, with the greatest
differences for the more flexible layups. The difference is primarily from large deflections
which invalidate the simple beam analysis of the four-point bend test. Reduction of
the span between loading points effectively restricts deflections but the distance from
the strain gage to the loading points becomes smaller than that recommended in [772.
Midplane straining, as has already been discussed, is the result of changing geometry
of loading for large deflections which gives compressive axial stress at the gages and
differing tensile and compressive moduli.

In summary, the four-point bend method can only be used for relativley stiff layups.
The significance of this is limited, however, since such layups tend to undergo little or
no distributed damage, thereby obviating the need to use the J-integral approach.

3.2.5 Mode I Delamination of Unidirectional Layups

Figure 3.21 shows the load-displacement record of a unidirectional specimen tested
with periodic unloading. The behavior is clearly linear elastic. There is some waviness
in the trace during crack growth, probably the result of fiber bridging which was noted
during the test. Fiber bridging was generally periodic in nature; a tie zone would
develop, then break down. Then a new zone would form and break down, and so forth.
The sudden drops in load are from unstable crack growth followed by an arrest.

Both JI and GI (calculated by the area method) are plotted as a function of crack3length in Fig. 3.22. The two methods give similar results as is to be expected, since
the unidirectional laminate experiences no significant distributed damage. However,
the comparison is not a direct one, since the J1 values reflect instantaneous toughness

while GI from the area method gives an average toughness over the prior increment of
crack growth. The plot clearly illustrates the effect of inherent averaging of the area
method.

JI versus crack length is plotted for several specimens tested at various displace-
ment rates in Fig. 3.23. Arrest values are included. The DCB data Lor these specimens
was redured using the same Jj -Mtip relationship since the unidirectional layup did
not display significant time-depedence in the J, -Mtip tests. There is not a discern-
able trend in the data for overall specimen response except for specimen 1. However,
there are increases and decreases in resistance which can be seen for shorter increments
of crack growth. The decreases tend to be in the form of sudden drops, while the
increases are gradual. In part this can be associated with the tie zone phenomena
explained before.

Figure 3.24 shows Jr versus crack speed using logarithmic axes. One very signifi-
cant fact which can be seen is that for any one specimen, there is no trend (an exception
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is specimen 1, but the trend is not replicated for specimen 2). Overall it appears that
there is a slight decreasing trend in J1 with increasing crack speed. Smiley and Pipes
observed a decrease in toughness with increasing crack speed for a composite with an
unmodified epoxy matrix. In the range of displacement rates in this study, the trend
was relatively slight, but became pronounced at high rates. The response here could
be similar; however, in the range of rates tested, the trend was not strong.

Specimens 1 and 2 (which were run at the lowest displacement rate) are the most
influential in establishing the apparent trend. Considering Fig. 3.23, these two spec-
imens show different behaviors. Specimen 2 starts with a value of J1 comparable to
the other specimens but rapidly increases to a higher overall J1 level. Specimen 1 also
starts in the same way as 2, but it slowly increases the level of Jj until almost at
the end of the test reaches the level of 2. Considering the fracture surfaces of these
specimens, the fracture surface of specimen 2 shows a high degree of fiber waviness
relative to the waviness seen on the other fracture surfaces. For specimen 1, waviness
is seen to increase from the normal amount to an amount comparable to that seen in
specimen 2. Inspection of the fracture surfaces of other specimens did not reveal the
unusual degree of waviness seen in specimens 1 and 2. As a result, fiber waviness seems
to better correlate with JI than with crack speed.

Although the significance of the decreasing trend seen in Fig. 3.24 is clouded by the
presence of fiber waviness, other evidence suggests that the trend cannot be dismissed.
Frassine [771 observed a powe1 law decrease in toughness with increasing crack speed for
transverse fracture of uinidirectional graphite/F155 composite. Comparison with DCB
test results revealed a similar relationship between tougness and crack speed, though

the toughness for transverse fracture was appreciably higher than for delamination
fracture.

3.2.6 Mode I Delamination of Fiber-dominated Layups

This section reports and discusses the results of DCB tests of layups for which
two thirds of the plies are at 00. The plies at the delamination plane are at various
angles. The primary variable of interest in this test series is the effect of ply angles at
the delamination plane on toughness in the absence of significant distributed damage.

Figure 3.25 shows the Jj - a behavior of a ± 100 fiber-dominated laminate. All
specimens were tested using monotonic loading (no unloading) at a displacement rate
of 0.1 inch/minute. The load-displacement records from the DCB tests were similar

to those for the unidirectional cases. The specimens were unloaded to zero load at
zero displacement; little nonlinearity could be seen in the unloading curve. Dramatic
variations in fracture behavior from specimen to specimen are seen in Fig. 3.25. Speci-

men 1 fractures at a significantly lower range of J1 values than the unidirectional range.
Specimen 2 starts out in the unidirectional range, then climbs to nearly twice the initial
toughness. Specimen 3 starts out similar to specimen 2, but remains in the unidirec-
tional range throughout the test. These different behaviors can be clearly associated
with the characteristics of the fracture surfaces shown in Fig. 3.26. Considering the
fracture surface of the specimen which gave the relatively low value of Jj , the frac-
ture surface is homogeneous with few loose fibers. Essentially, the ± 10' ply interface
has prevented fiber bridging due to fiber nesting, as shown by Johnson and Magalgiri
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[783. As they found, the elimination of bridging leads to lower toughness than for the
unidirectional case.

In contrast, the fracture surfaces of specimens 2 and 3 (Figs. 3.26a and 3.26b) are
in general much rougher. The crack front was on more than one plane at a time, so
there are transition zones from one ply to another. Fiber bridging was noted during
the tests. Fiber bridging due to nesting did not occur but crack growth occurred in a
complex manner involving ply transitions (such as seen by Nicholls and Gallager [67])
with the attendant fiber bridging and breakage. In addition, the transitions forced

at least a portion of the crack front to advance through resin away from the fibers,
which would have higher toughness. The very high toughness exhibited by specimen
2 was the result of crack propagation on two planes simultaneously. The result of this

fracture behavior is to effectively increase the delamination surface area and increase
the fracture energy.

Another significant observation from Fig. 3.26 is that the crack did not grow at
the ± 100 ply interface, but within a ply. The fibers on both halves of each specimen
are oriented in the opposite direction when they are laid side by side; they are in the
same direction when the halves are put together. Thus the character of delamination
is intraply rather than between plies. Only over small regions on the fracture surface
was true interlaminar fracture seen. These were usually regions where the crack plane
was changing between plies.

The load-displacement record for delamination of a ± 30' fiber-dominated DCB
is seen in Fig. 3.27. In comparison to the unidirectional and ± 10' fiber-dominated
layups, this one shows many more sudden load drops and the load sometimes increased
during crack growth. The specimens displayed a wide variety of fracture behavior,
as shown in Fig. 3.28. Unstable crack growth typically occur after an increase in
resistance. A saw-tooth pattern formed both in the load-displacement and JI versus
crack length records. In contrast to the ± 10 fiber-dominated laminate, none of the JI
values were below the unidirectional range. Only the arrest values were in this range.

Again the variations in toughness could be related to features on the fracture
surfaces. The surfaces are shown in Fig. 3.29. Observations of these surfaces essentially
indicate that smooth regions correlate with low toughness values and high toughness
valaes with high surface roughness. The specific reasons for the different behaviors are
not clear but they must be localized in nature or it would affect all of the specimens.

A feature of the fracture surfaces which is more prominent for these specimens than
the earlier ones is the contrast between periods of stable and unstable crack growth.
The former show up on the fracture surfaces as light regions; the latter appear as dark
bands. However, no difference in the two regions is apparent when inspected using
the scanning electron microscope (SEM). This obvious difference in the appearance
of the surfaces when veiwed with the unaided eye suggests that there is some rate-
dependence on the material, though it is not clear how that particular dependence is
related to toughness.

The arrest marks indicate the shape of the crack front. Note that the front is
generally not straight, but convex in the direction of crack growth. More will be said

about the crack front curvature later in the discussion of the ± 450 angle-ply specimens.
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The trends which were established for increasing ply angles at the interface were
continued in the ± 450 fiber-dominated specimens. Figure 3.30 is an example of a
load-deflection record for a specimen tested with periodic unloading, which became
more jagged, having more sudden load drops. The behavior is elastic, as for the other
fiber-dominated layups. One difference with the other laminates is that there is some
nonlinearity in the load-unload curves.

There was considerable scatter in the toughness measurements; some of the scatter
is associated with initial crack growth from the teflon starter crack. Figure 3.31 is a
plot of JI - a for two sets of three specimens. One set (labeled with "A") had a teflon
starter crack about 2.5 inches long. The other set (labeled with "B") had natural
starter cracks about 0.7 to 1.4 inches long. The specimens with the natural crack were
actually specimens which had originally 2 inch starter cracks, except that after some
considerable amount of crack growth, upon completion of the test, most of the cracked
legs were cut and new tabs were bonded to the remaining part of the DCB. There is no
discernible difference in the quality of the early data from the specimens with the short
natural crack from the other data. The fracture surfaces of the two sets of specimens
do show a significant difference for the initial growth. The specimens with teflon inserts
generally have a very complex fracture surface for short crack lengths, as the crack is
trying to establish on which plane it will grow. This has been already been established
for the specimens with natural starter cracks. Typical fracture surfaces for the two sets
of specimens are shown in Fig. 3.32.

The J values were generally above the basic range of unidirectional values. Except
for arrest points, the lowest values were at 3 lb/in. This is comparable to the upper
values which were observed for the unidirectional case. As for the tests discussed earlier,
the toughness varied widely. The pattern of increasing scatter with increasing ply angle
was continued. The multiplanar fracture surfaces and intraply crack growth were also

similar to that seen in the other tests.
A plot of JI - a is shown in Fig. 3.33 also for a ± 45 fiber-dominated layup at

various displacement rates. The variations in JI are again very large. Local minima are
generally arrest points. Figure 3.34 plots JI versus crack speed. As for the unidirec-
tional case, there is an overall trend to lower J1 for higher crack speed. The tremendous

scatter makes judging the degree of rate-dependence very difficult; however, compared
to the unidirectional case in Fig. 3.24, the variation in JI over three decades of crack
speed is significantly greater. One reason for some of the scatter is that instantaneous

J1 values are being plotted against average crack speed over the crack growth increment
since the previous measurement. Also as for the unidirectional case, no correlation can
be seen for data from an individual specimen.

3.2.7 Mode I Delamination of Angle-ply Layups

Figure 5.35 shows a typical load-displacement record of a ± 450 angle-ply laminate.
Generally there is some increase in load during crack extension, indicating that the
delamination resistance is increasing. A review of all the load-displacment records
reveals that load drops are slightly less frequent than for the ± 450 fiber-dominated
laminate. The load-unload curves are nonlinear, and the reloading curves do not quite

retrace the unloading curves. Also permanent deformation upon unloading to zero
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load is observed. Observation of the DCB legs after the test showed they were curved,
indicating the permanent deformation is due to distributed damage (inelasticity in the
legs or slow to recover viscoelasticity).

The J1 and GI (from the area method) for the specimen referred in Fig. 3.35
are shown plotted against crack length in Fig. 3.36. The plot indicates Jr to be in
general lower than GI which is consistent with the fact that the area method does
not account for the energy going to produce distributed damage. Fig. 3.37 shows the
results of JI - a for a series of tests using teflon and natural starter cracks. Note that
the values for short crack lengths are not different in character than the data for longer
cracks. A basic premise of the J method used here is that the delamination behavior is

completely determined by the conditions at the crack tip which seems to be supported
by this finding.

Similarly to the previous layups tested, correlation of the toughness with fracture
morphology for the ± 450 angle-ply specimens indicates that complex fracture surfaces
correspond to high toughness. The homogeneous surfaces correspond to the lower
energy mechanisms.

Figure 3.38 shows J1 versus crack speed for the ± 450 angle-ply specimens. No
strong correlation of J1 with crack speed can be seen. However, the data displays an
apparent maximum at the mid-range of crack speed. Because of the inherent variability
of JI for this material, a rigorous examination of the possible correlation would require
a sizable data base. At least one can say that the crack speed need not be considered
when interpreting the data from an individual specimen.

3.2.8 Effect of Width on Mode I Delamination

The effect of width was explored by testing 24 ply angle-ply DCB specimens 0.5,
1, and 2 inches wide. Six representative specimens were chosen for comparison, two
for each of the widths tested. They were picked because they displayed the most
consistent lower-bound behavior for each group. Fig. 3.39 shows that comparison. For
this particular set of data, the wider specimens appear to tend to give slightly lower
values. Of course, the amount of data is very limited and somewhat biased beacuse
of the way it was chosen. The only solid statement which can be made (especially
when considering all the data available) is that the JI values given by the specimens of

different widths are generally comparable. No pronounced trend can be seen for this
range of widths.

Unlike unidirectional composites, multidirectional laminates exhibit significantly
curved crack fronts in DCB tests '79,80,81j. The curvature depends on the width of the
specimen. Fig. 3.40 shows, for comparison purposes, normalized crack front profiles
associated with several superimposed crack lengths on the same specimen for 1/2, 1,
and 2 inch wide specimens. The general trend appears to be decreasing curvature
with increasing crack length, but there is considerable scatter in the behavior. The

differences between the shapes of the three plots are plain. The curvature associated
with edge effects is dominant for the 0.5 inch specimen, but becomes less significant
for increasing widths. Apparently the large variations in toiihnes, have overshadowed
the effect of width reflected in these different crack fronts. The stress state along the
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crack front of wider specimens is more uniform over a larger portion of the crack front
and edge effects are minimized.

3.2.9 Effect of Thickness on Mode I Delamination

Tests were conducted to investigate the potential effect of specimen thickness on
apparent toughness. The results of these tests do not seem to be definitive in light
of the scatter of the data. A J1 - a plot for a 16 ply layup with balanced legs is
shown in Fig. 3.41. The relative uniformity of the data is partly attributable to the
small range of crack lengths with which is is associated. The amount of crack growth
is limited because of the high compliance of the specimens and the limitation of the
maximum displacement of the loading ram. These limited tests give Jj values which
are generally at the upper edge of the range of JI for the 24 ply angle-ply. See Fig.
3.37 for comparison. Note that if the toughness were affected by the thickness through
its effect on fiber bridging, the thinner laminate would have less bridging and thus a
lower toughness.

Another J1 - a plot for a 16 ply laminate is shown in Fig. 3.42. The stacking
sequence for this laminate was asymmetric: [(= 4 5 )81. Twisting of the DCB legs was
coupled to bending. The crack front was seen to be mostly symmetric across the width
of the specimen; twisting did not cause one side to grow ahead of the other. The
behavior is comparable to the behavior of the 24 ply angle-ply, and generally lower
than the other 16 ply layup.

The preliminary result from these tests is that within the range of variability of the
behavior, the number of plies does not significantly affect the toughness as measured
using J . Further, the effect of twisting-bending coupling was not apparent.

3.2.10 Effect of Fatigue Predamaged on Mode I Delamination

As described Chapter IV, several specimens were loaded cyclically in tension to
induce damage prior to JI -M1tip and delamination testing. The laminate used was the
24 ply - 45 angle-ply layup. The ultimate strength was determined to be 33,700 psi by
averaging the results from the tensile tests. Figure 3.43 shows the stress-strain record
for a typical specimen during cyclic loading. Due to clarity, only 4 of the 10 cycles
experienced by the specimens are shown. Upon initial loading and inelastic strain of a
few percent was induced which increased with subsequent cycling. Also, the stiffness
of the specimen increased slightly during successibe cycles. Poursartip et al.[82] have
attributed this behavior to realignment of off-axis fibers. An x-ray made of one of the
specimens showed that fibers scissored approximately 3' (changing from ± 450 to ±
420 ) to align themselves with the load. Extensive transverse cracking of the matrix
was the major form of damage, which was observed from a replica of a specimen edge
made using acetate replicating tape. Axial predictions based on lamination theory
also indicated that indeed fiber realigment caused significant stiffening, qualitatively
confirming the role of fiber realignment.

The Jj -Mtip relationships for the two predamage levels (loaded to 60% and 75%
of the ultimate stress) and the unconditioned laminate are shown in Fig. 3.44. The
amount of predamage makes a difference, but since the predamage specimens were
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-- taken from a different plate than the unconditioned one, plate-to-plate variations in
material seems to also have an effect, blurring the trend.

Figure 3.45 shows the load-displacement record for a DCB specimen which had
been predamaged at 75% of the ultimate stress. Note how the permanent deflection
upon unloading is very large relative to the unconditioned angle ply specimens. Also,
the sudden load drops associated with bursts of crack growth which are typical for
multidirectional laminates are not present. J1 versus crack length is shown in Fig. 3.46.
The specimen damage at 60% level is in the range of the unconditioned specimens (cf.
Fig. 3.37), while the specimens predamage at about the 75% level showed significantly
higher toughness. The fracture surfaces of these specimens were very rough.

These exploratory tests indicate that fatigue predamage can significantly increase
the delamination fracture toughness. Also, crack growth tends to be more stable for
predamaged specimens.

3.3 Mode II Results

3.3.1 Verificaton of Procedure to Evaluate J11

Due to the path independence of the J-integral , the choice of paths to evaluate
it for the ELS configuration can be done at will, or for mere convinience, or to avoid
complex states of stress such as crack tips, clampled ends, etc. As explained in Chapter
2, the paths at the cracked and uncracked portions of the ELS specimen were chosen
very close to the crack tip such that only the applied load P and the projected crack
length a, should be monitored during a delamination test. However, during delami-
nation, crack growth takes place at different slope angles OCt. At short crack lengths
the angle is larger than at longer crack lengths. Therefore, in order to maintain the
path inpendence of Jjj , and thus, the validity of the proposed procedure to evaluate
it, the effect of Olt on Jjj -mtip has to be investigated. Specifically, it is needed to to
determine if a different Jnt -M],p curve is needed for each angle O, during crack growth.
This verification indirectly determines the invariability of Jtt with crack length.

The effect of Olt on Jj1 -Mt,p can be established by determining the effect of Olt
on the I, -,tp and I, -1,tip relationships that through (2.58) define Jil as a function
of crack tip moment.

The results of I, -AV ,p for three of the unidirectional 24 ply laminates are seen
in Figs. 3.47-49. The laminates are for AS4/3502, T2C145/F155, and T6T145/F185,I respectively, and are in order of increasing material toughness. Since these relationships
represent the cracked portion of the ELS, they are from 12 ply cantilever beams. These
results indicate there appears to be little dependance of I, - A1tip for the range of Olt
tested. In the case of AS4/3502, a small variation between the I -Alt,P at 50 with
curves for 10' and 150 is seen for moments as low as 20 lb-in. A similar but smaller
variation is seen for T6TI45/F185 (Fig. 3.49) at moments between 70 and 120 lb-in.
However, the curves seem to collapse at moments higher than 120 lb-in. It can be
argued that because the measurement of Olt defining a moment location on the beam
is done moving a protractor along the beam obtaining increasing moments at constant
0, error associated with this procedure can explain the small variation seen in this I
-At,p curves. Note how in the case of T2C145/F155, I, -M,,p is completely invariant
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with respect to the range of slopes angles tested.
Figs. 3.50-51 show the 1, -3ltip curves for 16 and 32 ply laminates of T2C145/F155.

The relationships are therefore from 8 and 16 ply beams, respectively. Both curves show
independence with O9 d . For the 16 ply beam, tests were also performed at 200 . The
agreement is definite for the former one.

The last set of Ic -Mtip curves are seen in Figs. 3.52-54. These correspond to
multidirectional layups. The relationships are clearly independent of 9. They are for
a fiber dominated layup with ± 450 and ± 0° plies, and the matrix dominated - 30'
and - 450 layups of T2C145/F155, respectively. The signifiance of these findings
is that even in the presence of considerable damage, as in the case of the matrix
dominated layups, the I -1Mtip curves are independent of 8ct , and therefore, of crack
length. Evidence for damage development is illustrated by the increasing hysterisis of
the load-deflection records obtained as these tests were performed (see Figs. 3.55-56).
Viscoelastic effects were discarded since the permanent deformation did not recover
with time after the tests were completed. These results are in agreement with the
results of the J1 -mtip curves previously discussed.

Figs. 3.57-58 show I,, -Mp at varying slope angles for the AS4/3502 and
T6T145/F185 laminates, respectively. The number of plies for the beams tested to
generate this data is 24 since they represent the behavior of the uncracked portion of
the ELS specimen. For these cases there appears to be some difference between the I,,
-,Wip curves at the angles tested. In the case of AS4/3502, at low moments, the 50
curve predicts lower I,, values than the curves for 100 , and 150 . At moments higher
than 100 lb-in, all three curves are coincident. This behavior is unexpected, and it
is probably the result of experimental errors. For a unidirectional laminate subjected
to higher slope angles, the beam should be stiffened provided no strain softening de-
velops (damage). Such stiffening would make I. to be lower as Oct increases for fixed
moment values. The same behavior seen for the L, -Mtip for AS4/3502 is observed for
T6T145/F185.

A possible explanation for this unexpected behavior can be associated with the
method used to measure the slope angles, and therefore, the moment corresponding to
the slope angles. The resolution of the protractor used to measure the angles is at most
- 1' . If small angle changes occur over a long length section of the beam, which is the

case for the higher angles, an underestimation of the location of the higher angles from
the loaded end will take place if the protractor is slided from the loaded end towards
the clamped end. Therefore, the moment is also underestimated. The effect on the I,
-Mtip relationship is that for a given moment, the measured I, will be higher that the
actual value. This is precisely what the relationships in Figs. 3.57-58 indicate.

Once the location of the higher angles approaches the clamped end (larger loads
and deflections), steeper angle changes occur for small distances along the beam. There-
fore, 1,, -Mtip relationships should be free from significant errors associated with the

measurement method. In fact, it can be seen that the I. -Mtip curves shown are in
closer agreement at the higher moments.

A possible procedure to minimize these measurement errors is by using digital
inclinometers or rotational tranducers with a resolution capability in the order of ±



72

*0)

0*-

0:

E %:

4)C4k

-- T 0 C.

t)n' E 0 .

.-

,

0 U:

44c.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _0).C

a~ ~ ' - 0.1



73

20 0

17 5 T2C145/F155

multidirectional

150 +-30" at delamination plane -

12,5- specimen from which
Ic was determined .

I75 /OL

50O

2 5

00 0.5 1 0 1.5 2.0 2.5

6 (in)
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was measured. Note the amount of permanent defor-
mation due far field damage development
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0.10 . Another approach would by videotaping the tests and then use image analysis
devices to measure the slope and momemt arm.

Figs. 3.59-60 show the 1, -Mtip relationships of the uncracked beams of the 16 and
32 ply lamintes of T2C145/F155. In the case of the former, only the curve measured
at 200 predicts higher values at low moments until it collapses with the 10' and 15'
curve at higher moments. This behavior is similar to the one observed in the laminates
discussed above and is most likely due to the measurement error explained already.
Difficulty in constructing an adequate curve for 50 and 00 for the 32 ply laminate was
experienced. This was a very stiff specimen compared to the previous ones presented.
Very early in the test, the moments at which crack growth takes place for this layup
developed and the angles along the beam were generally 5' including very close to theIloaded end. However there is an indication that the 50 curve would have predicted
higher I,, values than the o° at the low moment level. Based on the explanation
previously given to account for this apparent behavior, it indeed should be more clearly
seen with this thick and stiff beam since slope changes are very small at the moments
at which crack growth occurred with this specimens.

The ,, -Mtip relationships for the multidirectional layups of T2C145/F155 are seen
in Figs 3.61-63. The curves show a small discrepancy at lower moments but are nearly
identical at higher moments. The same trend is observed for the matrix dominated
- 30 and ± 45 layups. However, the I, -Altip curve at 150 does not merge with the

5' and 10' ones in the range of moments tested. Yet the difference is small in both
cases. Further, it is unlikely that the discrepancy is real and the result of more damage
development for the higher angles. In fact, no discrepancy was seen in the I, -I tip

curves when the development of damage is very much greater than these 24 ply layups.
In fact, the hysterisis was were small as seen in the load-deflection records of the beams
used to determine these I, -Mtip relationships.

A finai comment with regard to the 1, -Mtip relationships is that the value of I,,
is typically one half times its corresponding Ic • Therefore, since the contribution of I,
in the J11 (2.58) is multiplied by a factor of two, the aforementioned errors associated
with measuring I,, will most likely be negligible on hi

Summarizing the results of the I -Mtip and I,, -Mtip at different 9 ,t , it can be
stated that considering the errors involved in the measurement of data, these relation-
ships are invariant. Therefore, having established the independence of the I, "Mtip and
I,, -. Iti p with O6 t , the Jji -Mtip will also be independent of O9 t and crack length. It
needs to be emphasized that the uniqueness of the Jjr -Mtip has only been demostrated
for the conditions tested.

The independence of the I -Mtip and I,, -Altip curves with crack length allows the
construction of only one Jjj -Mtip relationship. Further, this independence indicates
it is not necessary to monitor Oct during each increment of crack growth. The verifica-
tion has been done for a wide range of composite behavior and specimen dimensions
including brittle, toughened, damaged, stiff and compliant laminates.

3.3.2 JlI "Mtip Results of Unidirectional Laminates

JH -Mtip curves as a function of material toughness from brittle to toughnened
composites are seen in Fig. 3.65. They correspond to 24 ply AS4/3502, T2C145/F155,

I
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and T6T145/ F185 unidirectional composites. The major characteristics of these rela-
tionhips is that for a fixed value of .IIip , the corresponding J 1 decreases as a function
of material increasing toughness. This trend seems to be in contradiction of an expected
increase in Ji going from a tougher (more compliant) to a brittle (stiffer) laminate.
However, since tougher composites are thicher than brittle ones for a fixed number of
plies, this increase in thickness is enough to overshadow any tendency of J 1 to increase
with material increasing toughness. (Fig. 3.65).

Another feature of the J1I -M11tip curves is that the moment at the crack tip is
observed to increase as specimen thickness increases for a fixed value of J11 . See
Figure 3.65. Therefore, if JJJ for initiation or steady state crack growth is a material
property, increasing specimen thickness should only require higher moments to reach
the same Jl. . If this is not the case, J11 -Atip would be dependent on specimen
geometry, thickness in this case. Such dependence would most likely predict higher
J1 1 during crack growth for thinner specimens, with J11 progressively decreasing as
the number of plies increases to an adequate thickness that provides the constraint
necessary to evaluate J1 1 during crack growth.

Varying the thickness of the ELS specimens also provides an indirect assessment of
the effect of neglecting shear deformation in the derivation of Ju . ELS specimens are
typically long and slender. Therefore, deformation due to bending should be dominat
over shear deformation. However, as the ratio of beam length to its thickness and
flexural modulus to shear modulus decrease, shear deformation might no longer be
negligible.

3.3.3 Jij -:,1tip Results of Multidirectional Laminates

The effect of stacking on the JII - 11tip relationships is shown in Fig 3.66. The
curves represent an increasing number of angle plies and increasing magnitude of the
angle in the plies from 0' to ± 450 . A unidirectional layup is shown as a reference point.
The general trend is that as the stacking sequence goes from a more fiber dominated
to the increasingly matrix dominated layups, J1 I will increase for a constant moment.
This is similar to the Jj -Mtip results previously discussed. Note that an apparent
contradiction to this trend is observed for the layups with 0' at the delamination plane
but with angle plies away from the midplane. This, as it was also found in the J1 -Atip
curves, is because the tendency of J11 to increase as one goes from a fiber dominated to
a matrix dominated layup, is offset be the tendency of Ju versus moment to decrease
for thicker specimens (Fig. 3.65).

Another consideration with regard to the effect of stacking sequence on JII -Mtip is
that for increasingly matrix dominated layups, damage development is observed. This
behavior is primarily experienced by the cracked portion of the ELS.

The effects of width on Jnr -Atip is essentially expected to be as it was found for
the J1 -M1tip curves. Therefore, the width of the specimens to evaluate the JII -tip
curve should be matched with the width of the ELS specimen as well.

3.3.4 Mode II Delamination of Unidirectinal Layups

Typical load-deflection curves of AS4/3502, T2C145/F155, and T6T145/F185
composites are illustrated in Fig. 3.67. For AS4/3502, material linear elastic response
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I is observed with some evidence of stiffening due to shortening of the moment arm ;s
seea as the load increases. Crack growth was unstable at the beginning of delamination.
This crack growth behavior was consistently observed , even when the ratio of crack
length to ELS length was greater than 0.55, the required ratio to obtain stable cr,'ack
growth from geometric considerations. Hashemi and cu-workers have also observed this
instabilities with the ELS test r54. The angle at which crack propagation occurred was
between 5' and 100 . Crack growth for T2C145/F155 was more stable than AS4/3502.
However, periodic sudden crack growth intervals were followed by stable regions. Upon

n unloading, a small amount of permanent deflection is seen. The load-deflection record
of T6T145iF185, the tougher composite reveals nonlinearities early in the test. Stable
crack growth was seen prior and up to maximum load. Unstable crack extension thenI followed until stability was reached. Upon unloading, some permanent deflection is
observed indicating some form of energy dissipation took place besides crack growth.

The Jr1 - aiL plots for the composites of Fig. 3.67 are shown in Fig. 3.68.I In addition to J11 , G1 1 values bzsed on beam theory are shown. G in this case
allows for large deflections. The results for AS4/3502 indicate that J11 and G1I are
basically identical, which is expected since material response is linear elastic. The small
discrepancy (less than 10%) is most likely related to differences in specimen behavior
between the ELS specimen and the beams used to evaluate the I, -Mll,,p relationships.

Such discrepancies may be observed even if the specimens used to evaluate J1 t are from
the same panel as the ELS specimen. Composite panels are not completely uniform.
For example, thickness variations in the laminate between the edges and the core wereIobserved in all panels made for this investigation. The resistance to delamination for
initiation and steady state propagation are basically the same for AS4/3502.

The crack growth behavior noticed in the load-deflection curvc of T2C145,'F155 is
reflected in the variability of J11 during crack growth (Fig. 3.68b). The lower J[I values
correspond to arrest values after the small unstable crack growth increments. The value

-- of Jtj at initiation is clearly different than the steady state one. However, this value

should be taken with caution due to the difficulty in detecting the precise time when
crack growth initiates. The mode I precrack done on the specimens to sharpen the crack
tip may alter initition as well as due to the damage introduced during precracking. A
dramatic decrease in J1 1 steady state was observed with one of the specimens tested.
There seem to be a change in fracture mechanism induced by the large unstable crack
increment. This phenomenon will be addressed in the next chapter. The similarity of
J1j with GIt suggests the material behaves in an essentially linear elastic fashion.

The J1 - a 'L behavior of T6T145 F185 indicates a definite raising Jt1 with
crack length until steady state was reached. This indicates part of the nonlinearity in
the load-deflection record of this material is due to crack growth prior to maximum
load, often referred as subcritical crack growth. The same behavior was shown by
T2C145 F155. This behavior has been observed by other investigators for tough com-
posites 9.15.21.49.52-54. Carlsson et al. '49 have determined through the use of a

travelling microscope that the onset of the type of nonlinear behavior observed in Fig.
3.67c can be correlated with onset of subcritical crack growth. However , they also
concluded that viscoelastic effects. or matrix yielding, may contribute significantly to
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3- the nonlinear behavior. Other investigators have also found that nonlinearity in the
load-deflection records is not always associated with subcritical crack growth.

Extensive resin yielding and microcracking has been observed by Corleto and
Bradley to dcvelop in the failure zone ahead of the crack tip of T6T145/F185 under
mode II SEM observations [521. This indicates that inelastic energy has been consumed3 in the creation of this failure zone. The nonlinearity in the load-deflection curves can
therefore be not only to the result of subcritical crack growth but also the formation
of this failure zone.

-- A comparison between GII and J11 for T6T145/F185 shows a difference of approx-
imately 30% between the two, GII being larger. The pemanent deflection observed in
the load-deflection record during delamination of this material suggests some inelastic
energy was dissipated away from the damage zone such in the legs of the ELS. Since
the unloading line in Fig. 3.67c should have the same slope, with or without permanent
deformation (damage), a comparison of G11 using the area, method including the per-Imanent deformation, and not including it (assuming the unloading line returned to the
origin but with the same slope), indicates a discrepancy in the order of 30%. The value
of GI , assuming no permanent deflection, is lower and comparable to that predicted
by Jjj • Therefore, this seems to also indicate that inelastic energy was dissipated in
the legs of the ELS.

3 3.3.5 Effect of Thickness on Mode II Delaminaion

Jtt - a/L plots of 16 and 32 ply laminates of T2C145/F155 are shown in Fig.5 3.69. The load-deflection record for the 16 ply layup is similar to the one for AS4/3502
(Fig. 3.67a), and the 32 ply similar to the 24 ply of the T2C145/F155 (Fig. 3.67b).
However, the nonlinearity prior to maximum load was slightly larger for the 32 ply3 than the 24 ply specimens. The JjI values for the 16 ply specimens show an increasing
trend at the early stable crack growth during the test. The maximum value obtained
was approximately 7 lb/in followed by an average steady state value of 5 lb/in after
unstable crack extension. Comparison between the steady state J11 for the 24 ply of
the same material (Fig. 3.68b) indicates its value is nearly the same as the maximum
measured for the 16 ply.IThe trend found for the 16 ply and 24 ply can be seen for the 32 ply specimens.
The level of crack propagation for this layup is also similar to the former ones. However,
after the large unstable crack extension, Jij for the 32 ply was somewhat higher. It is
evident that no significant thickness effects can be found on mode II delamination for
the range of thicknesses studied for this layups.

The importance of this finding is twofold. First, sufficient constraint at the crack
tip is obtained for 16 ply specimens, since the toughness measured with thicker lami-
nates is comparable to the one predicted by this layup. Second, the assumption that
shear deformation is negligible is indeed confirmed at least with respect to the thick-
ness. In other words, the thickness to length ratios used for this study are adequate

to provide shear deformation that is negligible in magnitude. This is of course strictly
true only for T2C145/F155.

Finally, as shown in Figs. 3.68b and 3.69, the specimens were tested at different
displacement rates (crosshead speed of testing machine). The results indicate indepen-
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dence between the Jn and the range of rates tested (0.1-0.001 in/min). Therefore, no
significant viscoelasticity is evident for this composite tested over this range of rates.
This indicates the adequacy of using the same Jt1 -Mtip relationship for the ELS data
generated at different rates.

3.3.6 Mode II Delamintion of Fiber Dominated and Angle-Piy Layups
A typical load-deflection record of a composite with two-thirds of the plies at

450 and one-third 00 plies is shown in Fig. 3.70a. The delamination plane was 00 . The

location of the 00 plies along the beam have inhibited the formation of any considerable
damage development (see stacking sequence in Table 2.).This is seen by the very small
permanent deflection upon unloding. The curve is mostly linear and similar to the one
of the 24 ply unidirectional of the same material (Fig. 3.68b). Crack growth occurred
at Oct between 5' and 120 . A tendency to more stability was obtained throughout the
test with respect to crack growth. Some small geometric nonlinear response can beU seen as well.

The JJ1 - alL results for this layup (Fig. 3.70b) clearly indicates scatter in Ju
as much as ± 15%. This is similar to the trend found in mode I delamination earlier
were multidirectional layups gave more scatter in toughness than unidirectional ones.

GI1 predicts higher toughness than Jhr (compare 3J and 3G in Fig. 3.70b). This
difference is probably the result of a difference between the flexural modulus in tension
and compression at higher moments, as was shown in the moment-curvature behavior
of fiber dominated layups (section 3.2.4).

Initiation values of tougheness are significantly lower that the steady state value
(3 lb/in compared to 6.5-7 lb/in). This increased resistance to delamination observed
can be due to the formation of an increasingly large damage zone ahead of the crack
tip until a maximum size for steady state is reached. However, since a mode I precrack
was always introduced into the specimens to create a sharp crack tip, a damage zone
is artificially introduced, the meaning of the initiation toughness is therefore dubious.

A slight trend towards a decrease in crack growth resistance can be seen at higher
a/L ratios. However, on average, the steady state J1j remains similar to the value
of the unidirectional layup of this composite. The significance of this finding is thatUstacking sequence effects (placing angle plies surrounding a unidirectional delamination
plane) appear to be negligible.

A load-deflection curve of the matrix dominated layup with a ± 300 delamination
plane is shown in Fig 3.71a. Crack growth took place at crack tip slope angles between
6° and 14' . Propagation was relatively stable throughout the a/L range tested. Note
the amount of permanent deformation upon unloading. This deformation did not
recover with time as observed in the permanent set in the specimen legs after completing
the tests. This permanent deflection is similar in magnitude to the permanent deflection
of the beam used to measure the Ic -Mtip relationship (Fig. 3.55).

Scatter in the Jjj - alL plot is seen from specimen to specimen in Fig. 3.71b. The
initiation value of fracture resistance is very low (1 lb/in). However, an examination
of the fracture surface of one of these specimens (Fig. 3.72) indicates that as the mode
I precrack is performed, the crack moves from the resin rich region between plies into
an adjacent ply. This was also observed with the mode I fracture surfaces of angle-ply

U IIIIIi [
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layups. Note also how upon mode II crack propagation, the fracture path progressively
moves into the resin rich region between plies at the midplane. The crack then grows
between plies (interply). Failure seems to occur in the resin rich region between plies
and along the fiber/matrix interface. This is seen by the lighter and darker regions in
the fracture surfaces, respectively (Fig. 3.72). At longer crack lengths, the fracture path
changed again to be intraply and eventually migrated to different plies. J.I values for
this crack region are note shown since they are artifically high due to the considerable
ply jumping.

Ply jumping was also coupled with ply twisting at the longer crack lengths. In-situ
delamination studies in the following Chapter will also confirm this findings. Loading
at the crack tip is no longer limited to in-plane shear but Las - significant component
of out-of-plane shear as well.

The steady state J1 I of this layup is between 7 and 8 lb/in. There seems to be
a slight trend to increase from the unidirectional steady state toughness value which
was in the range of 6-7 lb/in. This indicates that delamination resistance between
unidirectional and multidirectional delamination planes is not necessarily the same
similar. Unidirectional toughness seems to underestimate it for its multidirectional
value. However, the difference seems to be small, at least between 0' and - 30'
delamination planes and may be trivial in view of the scatter.

Crack growth when the crack front is between = 450 was also characterized by
ply jumping and twisting at longer crack lengths. This feature is revealed in the load-
deflection curve of this layup (Fig. 3.73). The load increases even as the crack propa-
gates, when ply jumping and twisting take place. Considerably more far field damage
is implied by the permanent deflection in the trace upon unloading and permanent set
in the legs of the specimens. Fig. 3.56 supports this finding were the specimen used to
evaluate the 1, -MItip relationship for this layup showed a similar amount of permanent
deformation to the ELS specimens. Crack growth was mostly stable and occurred at
crack tip angles between 50 and 130

Initiation of delamination was at a value of J11 of 1 lb/in, similar to the t 30'
layup. A steady state was reached at approximately 9-10 lb/in which was only main-
tained for a small range of crack growth. Resistance to crack propagation sharply
increases at all rations of 0.7. This rising toughness is due to the development of
extensive ply jumping and twisting observed during the test.

The fracture surface of one of the specimens with this layup is shown in Fig. 3.74.
Similar to the ± 300 layup, the mode I precrack forced the fracture path to be intraply.
Then, upon mode II loading, the fracture path progressively migrated to the midplane.
Finally, considerable ply jumping and twisting developed. These developments invali-
date the J-integral analysis since considerable antisymmetry between the cracked legs
is developing.

A comparison of crack growth resistance between 00 , 4 300 , and ± 45 delamina-

tion planes indicates a gradual increase from 7 lb/in for 00 to 8 lb/in for t 300 and 10
lb/in for ± 450 . Due to data scatter, these values may change but at least a definite
increasing trend is revealed. Increases in mode II toughness of glass, carbon, and kevlar
fabric reinforced composites have been observed as fiber orientation increases from 0'
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Figure 3.74 Fracture surface of multidirectional T2C145/F155
with ±450 plies bounding the delamination plane.
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to = 450 at the delamination front '16'. However, their increase was considerably larger
than the one observed for these fiber reinforced layups. Engineering assumptions of
mode II toughness for unidirectional laminates may not be accurate for multidirectional
layups. However, it appears that they may give a good lower bound value which would
be adequate for engineering purposes.

With regard to the migration of the crack into the ply during mode I precracking,
a possible way of sharpening the crack tip is to use considerable thinner teflon inserts
instead. Such practice has been proven to be effective by other investigators 20'.

The adequacy of the proposed J-integral to properly characterize steady state
delamination in the presence of distributed damage is because steady state crack growth
implies a constant crack tip moment during this stage. Therefore, as long as the paths
to evaluate J are through material that had experienced the same maximum moment
at the crack tip, the path independence of J is maintained. This was ceirtanly the
case for the DCB. For the ELS configuration, the uncracked segment of the specimen
experiences a higher moment than the maximum crack tip moment during crack growth.
However, it is evident that since a steady state has been reached, this uncracked segment
does not develop permanent damage and its behavior is mostly elastic. Unloading and
loading paths are therefore the same. The development of damage occurs in the cracked
segment as it has been previously demonstrated for these angle-ply layups.

3.3.7 Comparison Between Mode I and Mode II Delamination

When the mode I and mode II delamination results are compared, several impor-
tant findings can be outlined with regard to the use of the J-integral to characterize
delamination fracture toughness. First, for both mode I and mode II, the J-integral
predicted similar values of toughness compared to G , (the energy release rate approach
to fracture), for unidirectional layups that showed an essentially linear elastic response.
In the case of the very tough cimposite under mode II loading (T6T145/F185), the
J-integral approach was more appropriate to use than G , since the load-displacement
behavior was not linear elastic. It was found that the J-integral predicted values
on the order of 30% lower than G the tougher unidirectional composite studied (i.e.,
T6T145/F185)

Second, with regard to the fiber-dominated layups, the use of the J-integral is
needed since mismatch between the flexural modulus in tension and in compression
induced midplane compression. The J-integral analysis developed for both mode I and
mode II delamination include midplane straining through the use of K * rather than
K , which for G , it is assumed to have a linear relationship with moment.

Third, in the case of angle-ply layups, significant damage development away from
the crack tip indicated that the J-integral is necessary as well to properly characterize
mode I and mode 1I delamination toughness. The use of G in these cases would greatly
overestimate the energy required to induce delamination. This overestimation was 50%
percent or higher in some cases.

With regard to delamination behavior for mode I and mode II loading, it was
found that unidirectional composites had a discontinuous or unstable crack growth in
both modes of failure. However, more stable crack growth behavior was found for the
multidirectional layups for both modes of failure.
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The mode I fracture toughness for angle-ply delamination planes was approxi-
matelv 50% lower than the mode II fracture toughness of comparable delamination
planes for T2C145/F155. Therefore, these findings arc similar to the relationships
between mode I and mode II fracture toughness for unidirectional T2C155/F155 lam-
inates.
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DELAMINATION FRACTURE PHYSICS

The delamination behavior of multidirectional composites has been shown in the
preceding discussion to be intimately associated with the fracture mechanisms which
are evidenced by different surface morphologies. The most striking difference between
the delamination behavior of unidirectional and multidirectional laminates is the much
larger variety of mechanisms which the multidirectional composites exhibit. In this sec-
tion the details of these mechanisms will be examined through the use of fractographs,
micrographs of cross-sections, and in-situ observations of the fracture process. Also,
strain field mapping around crack tips will be included. These measurements will pro-
vide quantitative information of delamination at the micromechanical level. Their use-
fulness will be discussed in terms of their potential to assess and develop mathematical
models of delamination.

4.1 Procedures

4.1.1 Postmortem and In-situ Fractography

Portions of the fracture surfaces of DCB and ELS specimens were observed visually
and under a JEOL-JSM-330A scanning electron microscope. Prior to SEM observa-
tions, the surfaces were coated with a 100-A-thick Au/Pd film to minimize charging
effects associated with the non-conducting nature of the epoxy resins.

Mode I and mode II delamination fracture observations were made with 8 ply spec-
imens in the case of mode II and approximately 10-12 plies for the mode I specimens.
The latter one was ground from an original number of plies of 24. The mode I spec-
imen was a ± 450 angle-ply layup, while mode II specimens were unidirectional and
multidirectional (their stacking sequence is shown in Table 2 in Chapter III). Also a
mode I test was conducted on a compact tension (CT) specimen of a neat resin (F155)
to compare the strain field ahead of the crack tip of the composites with the neat resin.

The mode I SEM delamination studies were accomplished by means of a special
loading stage fixing one end of the specimen and driving a wedge into a pre-existing
starter crack, as shown in Fig. 4.1a. The mode II studies were made with a specially
designed three point bend fixture attached to a SEM tensile stage. See Fig. 4.lb. A
small CT testing fixture was used with the SEM tensile stage to conduct the mode I
fracture test on the neat resin. Figure 4.1c shows the CT configuration.

Prior to fracture in the SEM, the specimens were polished and coated with a 100
A Au/Pd coating. The purpose of the coating was, as described earlier, to minimize
charging associated with the nonconducting nature of the resins. However, it is also
usnd to place a dot pattern on the surface that allows the computation of displacements
and strains on the surface.
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4.1.2 Strain Field Mapping

The strain field mapping technique used in this study consists of placing an array
of dots on the surface of the specimen which serve as a deformation grid to measure
displacements. The dot pattern is placed on the coating by means of the electron beam
of the SEM. The procedure followed to accomplish this task was developed by Hibbs
83. The arrays of approximately 1 ym diameter dots were placed ahead of the crack tip
at a magnification of 720X. This provided a spacing between the dots of approximately
6 to 10 pm . Sometimes one or two additional arrays were placed adjacent to each
other. The maps were placed prior to any load application to the specimen. The dot
map placement was done automatically with a computer that controls the location of
the electron beam. A beam voltage of 5 KV and a beam current of 300 picoamps were
used with a 10 mm working distance. A typical array of dots is shown in Fig. 4.2a.

A refinement of the dot map technique is shown in Fig. 4.2b. This was accom-
plished by using an operating voltage of 20 KV instead of 5 KV, and reducing the beam
current to less than 100 picoamps at the same working distance. The dot placement in
this case was done at 20,OOOX. As it can be seen in Fig. 4.2b, the size and morphology
of the dots is considerably different to the previous dot maps. In the former, a hole is
burned in the gold-palladium coating with a very small center. The latter shows only a
very small surface bubble which results from thermal expansion of surface contaminants
that are deposited during sputter. This contamination is primarily diffusion pump oil.
The size of the dots is in the order of 0.1 jim in diameter. Note the raised bubble
appears as a white dot on the surface whereas the burned holes appear as black dots.
This refinement of the technique was done to be able to study the interface. However,
actual strain fields from interfaces was not investigated in this work. The advantage of
this new dot morphology and size is that the resolution is greatly improved. Nonethe-
less, this is done at the expense of reducing the field of view, which is why it is less
useful for studying strain fields around crack tips.

After the dot mapping was completed, micrographs were taken to record the un-
deformed configuration of the dots. The specimens were loaded in displacement in-
crements until the crack grew into the dot maps. Micrographs were again taken that
recorded the deformed configuration of the dots during crack advance. Standard 4x5
tri-x film was used for the micrographs.

4.1.3 Strain Field Measurements

The undeformed and deformed configuration micrographs obtained during in-situ
fracture observations were used to measure normal and shear strains ahead of the crack
tips. The 4x5 negatives containing this information were stored in a SEISS Image
Analyser through a video camera. The (x,y) location of the dots in the undeformed
and deformed configuration were digitized based on a 512x512 pixel digital image of
the 4x5 negatives. The negatives were enclosed within this pixel area. The normal
strains were computed using the (x,y) undeformed and (x,y)' deformed location of the
dots and finite strain equations describing a two dimensional deformation field. The
normal strain (,, i- comptted by means of
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Ax' - AxEx - .x (4.1)

where Ax' and Ax are the distance of the dots in the x direction after and before
deformation, respectively. The normal strain 6 is given by

ELY - A (4.2)

Ay' and Ay are the distance between two dots in the y direction after and before
deformation. The shear strain -, can be computed from

71"

S= - 9 (4.3)

where the angle - xy is shown in Fig. 4.3 and can be calculated from the (x,y)' location
of the dots arranged in the configuration shown in Fig. 4.3 using

S= cos-'( AB (4.4)

The coordinate location of the resulting normal strains were assumed to be between
the dots in the undeformed configuration. The coordinate location of the resulting shear
strain is assumed to be the center of gravity of the triangle defined by the dots that
were used to compute these strains.

The actual computation of the strains was done with a Vax computer system at
Texas A&M University. The strain field were plotted using SURFER, a three dimen-
sional computer program run on a PC computer.

4.1.4 Spatial Resolution and Measuring Accuracy of Strain Measurements

The spatial resolution of the strain field mapping technique depends on the dot
spacing. As dot spacing is decreased, the spatial resolution increases. However, the dot
size must be decreased to obtain good accuracy. As shown in Fig. 4.2b, the spacing
between the dots is approximately 0.5 microns, an improvement in spatial resolution
of one order of magnitude (compared to that in Fig. 4.2a). The size of the dots has
been decreased from 1 pm to about 0.1 pm in diameter. A problem with decreasing the
dot size can be that they become difficult to see after the deformation has occurred.
Improvements in dot spacing are basically done by increasing the magnification at
which the measurements are going to be made. However, this is done at the expense
of losing the field of view by one half for every doubling in magnification.

The measuring accuracy of the technique is primarily affected by errors in the
measurement of dot location and dot spacing. The former can be associated with the
sensitivity of the digitizing device or technique and human errors such as difficulty in
locating the center of the dots, particularly in the deformed configuration. Fig. 4.2a
shows a 2x2 dot map placed at a magnification of 500OX, a dot size of approximately
0.5 pm , and a dot spacing of approximately 14 pim . The measuring accuracy under
this conditions with the image analyser previously mentioned is ± 0.56% for the normal
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strains and ± 0.47' for the shear strain. The distance between the dots in pixel units
was 363. Using this information and equations (4.1-3), iL can bc seen that as the spatial
resolution was improved (gage length between dots is decreased at a fixed magnification
level) by a factor of two, the error associated with the measuring accuracy increased
by a factor of two. This is shown in Table 4. Table 5 showns the limits in spatial reso-
lution improvements obtained by magnification for a fixed level of measuring accuracy,
provided that the ratio of dot spacing to dot size is maintained as the magnification is
increased.

The measuring accuracy of the arrays placed at 720X with a dot spacing of approx-
imately 6 pm , dot size of approximately 0.8-1 ym, and an array density such that the
512x512 pixel of the image analyser was completely covered with dots, was on the order
of ± 10% for the normal strains and about ± 50 for the shear strains. Nevertheless,
this very low measuring accuracy allows the digitization of a larger surface area. This
was particularly advantageous to compute a large portion of the strain field ahead of
the crack tip. It provided information regarding the trend of the field.

The measuring accuracy of the digitizing technique was improved to within ± 3%
normal strain and ± 2' shear strain by digitizing an area composed of a much smaller
dot density (4x4 as opposed to 15x25 for the low resolution). The 4x4 array area
was enclosed within the 512x512 pixel area by focusing only this region during image
storage. This effectively magnified the image several times. For the case of the neat
resin fracture studies, an additional digitizing technique was used. In this case, the
image was magnified using a standard copying machine. Then, a digital caliper with a
resolution of + 0.0001 inches was used to digitize the data. The 4x5 micrographs were
approximately doubled in size. The measuring accuracy in this case was improved to
approximately ± 1.5% in the case of the normal strains.

4.2 Results of Delamination Fracture Physics

4.2.1 Delamination Fracture Path

One feature of delamination of multidirectional composites which was noted in
Chapter 3 is that the crack generally travels within a ply. The fracture path is typically
intraply rather than truly interlaminar. That is, the crack travels within a ply rather
than between plies. Furthermore, in the case of delamination under mode II loading,
progressive ply jumping eventually led the fracture path significantly away from the
midplane.

Figure 4.4 shows two micrographs of polished cross-sections of a unidirectional
laminate. The first micrograph shows parts of five plies. The interlaminar regions
are marked by the lines of resin. Although the plies are easily distinguishable, note
the occasional ply interpenetration and nonuniform thickness of the plies. A few holes
associated with gas trapped during the curing process are evident. Within the plies
the distribution of the fibers is not completely uniform. Fig. 4.4b is a cross-section of
a DCB fractured specimen showing the position of the crack plane. It does not pass
through the resin-rich region between plies. Generally, the crack passes along the fiber-
matrix interface, within the ply moving from fiber to fiber. Two implications for the
mode I delamination of unidirectional T2C145/F155 are apparent. First, fiber nesting
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Figure 4.4 Micrographs of polished cross-sections of a
unidirectional DCB specimen, a) Fiber distribution and
resin-rich regions between plies. b) Fracture plane
passing within a ply. The mounting material is in the
top part of the photograph.
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(from ply interpenetration) leading to a greater degree of fiber bridging is apparently
r'ot a problem in T2C145/F155. Second, the potential dependence of toughness on the
strength of the fiber-matrix interface and fiber volume fraction is suggested.

Cross-sections of the fracture path under mode II delamination are shown in Fig.
4.5. These cross-sections are from a unidirectional T2C145/F155 laminate and corre-
spond to the initial stable crack growth region. The material seen between plies should
not be confused with the resin rich region between plies. This is cold mount material
used to mount the two fracture halves. While most of the "potting" material surrounds

the two mating pieces of fracture surface, a small portion of the mounting found its
way between the two pieces during potting. The fracture path is clearly seen to be on
one edge of the resin rich region between plies, occasinally moving slightly into the ply
and along the fiber-matrix interface. This is similar Lo the mode I case (Fig. 4.4b).
However, this was not always the case. Fig. 4.6 shows a different fracture path, one
that is observed to go in and out of the midplane into the ply. These micrographs

represent the crack front after unstable crack extension of the same specimen of Fig.
4.5. Resin rich regions are obs( ved between plies above and below the fracture plane3 (Fig 4.6a) with cracking occuring inply. The delamination toughness of this composite
was observed to considerably decrease after this unstable crack growth, which is clearly
due to the migration of the fracture path into the ply (see Figs .68b, 3.69a-b). It isIevident that once crack propagation took place significantly into a ply, the decrease in
local resin volume indicates there is not enough resin to ausorb energy by resin shear
deformation. Therefore, fracture toughness should decrease as the fracture path goes

from interply to intraply mode.

It appears that given enough energy for the crack to jump from interply to intraply,
the crack will try to follow the path of least resistance that is. intraply. An increase in
local resistance due to a thicker resin rich region can increase loading requirements to a
point were mode II failure intraply can begin. Since the energy required to propagate
the crack along the interface is less than through the resin rich region, the extra available
energy results in large unstable propagation that remains inply, since it is easier than
in the resin rich region at the midplane. Apparently, this overshadows any increase
in fracture toughness that would otherwise occur due to the additional surface that
results from the sinusoidal fracture path seen in Fig 4.6.

Figure 4.7 is a micrograph of a cross-section of a ± 450 angle-ply specimen which
was cut at 450 to the length of a DCB specimen. The two plies which are shown in part
are therefore oriented perpendicular to the plane of the photograph and the ply shown
in its entirely is oriented along its plane. The amount of resin in the interlaminar region
is generally less than two fiber diameters thick. In some places the fibers from adjacent
plies are almost touching. The plies are completely distinct. Most notably, the fracture
path is several fiber diameters away from the interply region (resin rich region), again
following the fiber-matrix interface. Fig. 4.8 also illustrates how the path is not in the
resin rich region between plies. The plane of th. ,iucrographs is perpendicular to the
length of the specimen, so the fibers appear ai ovals. In both micrographs the crack
has branched to form a double surface. In Figure 4.8b a bundle of fibers has been
pulled away. It is attached to the specimen at another plane. Crack branching is one
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Figure 4.7 Micrograph of a polished cross-section of a1+-4+5 angle-ply specimen showing intraply fracture. The

section was made at 45" to the length of the specimen.
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I of the most commonly observed mechanisms for increasing surface roughness (which is
associated with higher fracture energy).

4.2.2 Unidirectional versus Multidirectional Fracture Morphologies

Figures 4.9-10 show the fracture surface of unidirectional and multidirectional
mode I specimens. The fracture surface of the unidirectional specimen is homoge-
neous. The fracture mechanism is essentially the same throughout the test, though
the amount of fiber bridging and the rate of growth may vary. These variations lead
to occasional sudden crack growth. Relative to muldirectional laminates, however,
the fracture morphology is consistent. the fracture morphology of the multidirectional
specimen is rather inhomogeneous. Several types of inhomogeneities can be found in3multidirectional mode I fracture surfaces. The first one is multiplanar cracking which
can be associated with a crack growth being initiated from a teflon insert. The mul-
tiplanar character of the initial growth is essentially a product of multiple initiationI along the teflon insert. An example of a transition from many small steps to cracking
on two plies is shown in Fig. 4.10. In view of the special complexities of early crack
growth, one can expect the early crack growth during a DCB test to be unusual.

True interlaminar mode I crack growth can be seen in Fig. 4.11. These regions
were found under the special conditions at the specimen edge (stress state, fiber ends,
machining markds, etc). The precise cause of these edge regions is not known, but
apparently they are associated with the special conditions near edges, since similar
regions are not found away from the edge. The major significance of their existence is
that they can form the beginning of a ply transition. Potentially they could play a part
in establishing a width effect. Close inspection of the interior and edge regions of the
fracture surfaces of two inch wide angle-ply specimen did not reveal any difference in
appearance. One might expect a difference due to the difference in stress state (plane
strain and plane stress).

Ply transitions along fibers under mode I delamination are seen in Fig. 4.12. AlongI the transition, fibers are broken leaving a step. The length of such transitions depends
on the fiber angles and the specimen width. The length of the transition in turn affects
the variation of the toughness with the crack length. This type of transition usually
leads into another ply transition when it reaches the edge. The successive ply jumping
lead to asymmetric legs which makes the analysis increasingly inaccurate.

Figure 4.13 shows transverse cracks intersecting the mode I fracture plane. The
interply resin region is quite thin; apparently fibers just below the surface act as stress
concentrators, leading to periodic cracking. Such cracking was not typically seen.

Figures 4.14-17 show the mode II fracture surfaces of unidirectional and multidirec-

tional ELS specimens. The arrows on the upper right hand corner of the micrographs
reveal crack growth direction. The typical hackled surface of mode II delamination is
seen for the unidirectinal specimen in Fig. 4.14. The formation of the hackles results
from coalescence of microcracking that develop ahead of the crack tip and have been
widely reported in the literature. The development of the hackles involves more energy
dissipation, which explains the increase in toughness going from mode I to mode II
delamination of unidirectional laminates. Mode I unidirectional fracture surfaces are
characterized by fiber-matrix failures which require less energy than the hackled mode
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I II fracture surfaces. However, as it was shown in section 4.1.5, the mode fracture path
was observed to move into the ply (intralaminar). The fracture surface for mode II
intralaminar crack growth is seen in Fig. 4.15. Because the resin content in the ply is
much smaller than between plies, little resin deformation by hackle formation is seen.
This results in a decrease in toughness, as it has already been discussed.

The formation of hackles is mostly associated with brittle or low ductile resins. For
composites with very tough resins, hackle formation is pre-emptied by extensive resin
yielding. Corleto and Bradley have shown this when they compared mode II fracture

* surfaces of composites made with a brittle and a tough resin [52.
The fracture surface of multidirectional composites (Figs. 4.16-17) reveal a con-

siderable more complex fracture surface compared to the unidirectional ones (Figs
4.14,4.15). Similar to the mode I fracture surfaces, multiplanar cracking is observed.
The crack propagated into the ply and through the resin rich region between plies. This
was also seen in Figs. 3.72,74. Multiplanar crack growth was developed as a mode I

precrack was introduced to sharpen the original crack. It has been shown that mode
I multiplanar cracking develops from delamination initiated from a teflon insert. The

* effect of multiplanar cracking was very significant in terms of the mode II toughness
upon initial crack growth, as was discussed in the previous chapter. Extremely low
toughness values were measured during initial crack growth compared to the steady
state value.

The formation of hackles in the multidirectional mode II fracture surface can be
seen in Figs 4.16-17 as well. However, these hackles are thinner than the ones seen on
the unidirectional fracture surfaces. Also the density of hackles has increased as well.
The hackles are seen in the areas were fracture was truly interlaminar and were not
neccessarily found at the edges as was the case for interlaminar crack growth under
mode I loading. Furthermore, evidence of the out-of-plane shear loading or tearing
observed in the legs of the ELS specimens during the delamination tests can be seen
by the slight twist of the hackles towards the direction of crack growth. Twisting is
introduced locally by the off axis plies and it provides it indicates the crack front is
straight and perpendicular to crack growth direction.

As it can be seen, the fracture morphologies of mode I and mode II fracture
are significantly more complex in the case of multidirectional versus unidirectional
composites. The significance of these findings in terms of resistance to delamination of
these cases is that multidirectional toughness is higher than unidirectional toughness.
This was in fact seen in the result discussed in the previous chapter. The more complex
fracture surfaces indicate more energy dissipated than in more uniform ones. Also, the
multiplicity or inhomogeneity of multidirectional fracture surfaces leads to a higher
scatter in the delamination toughness values.

The same increasing trend in toughness going from unidirectional to multidirec-
tional laminates can be seen when comparing mode I and mode II multidirectional
toughness. The primary reason for this is similar to unidirectional composites, that
mode II loading leads to hackle formation. Hackles are responsible for an increase in
toughness from mode I to mode II loading.

I
I
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4.2.3 In-situ Fracture Observations

The progression of mode I crack growth along fiber-matrix interfaces can be seen
by observing the edge of an angle-ply T2C145!F155 DCB a it is fractured in the SEM.
Fig. 4.18a illustrates how the crack follows the fiber-matrix interface. Also note the
microcracking in the resin between fibers. Fig. 4.18b shows the same crack which has
advance slightly. In front of the crack tip there is fiber-matrix debonding. Debonding
is seen well away from the apparent crack plane in Fig. 4.18c. Cracks not continuous
with the original crack have initiated. Clearly debonding in the high strain fields ahead
of the crack tip is determining both the location of the fracture plane and the character
of the fracture surface.

The progression of mode II crack growth for an angle-ply with a _- 30' delamination
plane can be observed in Fig. 4.19. Resin yielding, microcracking and out-of-plane fiber
pullout are evidenced. The dots placed on the polished edge of the specimen by means
of the electron beam of the SEM prior to the application of the load give an indication
of the highly complex state of strain under load that results from the nominal mode II
loading. Visual examination of the displacement of the dots seem to indicate that in
addition to shear straining, opening and compressive strains seem to develop ahead of
the crack front as well. Arrows in Fig. 4.19 show locations where the normal strains
appear to develop.

The crack is seen to propagate in the resin rich region between plies although
as seen in Fig. 4.19, it is propagating at the boundary of this region and lower ply.
Furthermore, the resin rich region between plies is not uniform. The delamination tends
to be along the edge of the resin rich region between plies were failure is facilitated by
fiber/matrix interface failure. The fibers are apparently acting as stress raisers when
t hey are in the fracture path.

One of the major characteristics of the fracture path for multidirectional delamina-
tion is the tendency for the crack to migrate or jump into the ply. This was particularly
severe for mode II loading. Furthermore, this tendency increase going from 0' to ±
450 delamination planes. Fig. 4.20 provides evidence of this phenomenom. The mi-

crographs are for crack growth originally intended to be along a ± 450 crack plane.
The crack is propagating intraply. Note how once the crack is into the ply, it gradually
continues to grow away from the resin rich region between plies were it started. Due to
the proximity of the fibers in the ply, the stress concentration the fibers provide facili-
tates the fracture path to change toward the direction of principal opening stress and
continually more into the portion of the beam under compression. It is very evident
the crack path can move out of its path by an amount equal to one fiber radius at
a time. This procedure will continue until given enough crack growth, the crack will
considerably move away from the midplane. The tearing loading observed during the
mode II delamination tests and seen in the hackles on the fracture surfaces are also
corroborated by the out-of-plane displacement of the resin and fibers in Fig. 4.20

Crack propagation of a unidirectional specimen of T2C145/F155 under mode II
loading can be seen in Fig. 4.21. Microcracking and continued resin deformation can be
observed to have preceded fiber/matrix interface failure. Hackle formation can be seen
as well. In comparison to the multidirectional case, the complex fracture path is not
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IM

Figure 4.21 Inzitu fractography of T2Cl45/F155 composite
ahead of the crack tip during mode II
delaminat ion.
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observed for the unidirectional case. However, the amount of resin deformation seems
more uniform and to extend farthe- ahead of the crack tip than the multidirectional
case.
4.3 Results of Crack Tip Strain Field Measurements

4.3.1 Neat Resin Crack Tip Strain Field

The deformation ahead of the crack tip of F150 neat resin under mode I loading is
shown in Fig. 4.22a. Fig. 4.22b shows a three dimensional graph of the normal strain
(5, distribution ahead of the crack tip. The maximum strain at the crack tip is in the
order of 0.37:: 0.015 The strain field is basically symmetric above and below the crack
tip. As it can be seen in the contour map in Fig. 4.22c. the classical kidney shape
is delineated. The size of the strain field can be seen to extend about 85 Pm above
and below the crack plane (y direction), and about 110 pm ahead of the crack tip (x
direction).

The elongation of F155 measured in a tensile test is 5.2%, which is considerably
smaller than the 37% measured at the tip of the crack of the CT specimen. Hibbs
has also reported unexpectedly large normal strain levels ahead of the crack tip under
mode I loading of 3501-6, a brittle resin [831. He argues that a tensile test of a brittle
resin will always fail at largest incipient flaw giving low nominal strain to failure, even
though local strain at flow may be much larger. Thus, tensile tests will always result
in an artifi-ially low estimate of the materials true strain to failure. Therefore, the
measurement of the local strain to failure at the crack tip gives a much more reelistic
estimate of a material capacity to deform prior to fracture. In addition, the gage length
used in this study, approximately 10yjm , is considerably smaller than the 2 inch gage
length typically used in a tensile test. This will also affect the strain measurement at
the crack tip where strain gradients are very steep.

Figure 4.23 shows the CT F155 specimen upon unloading, indicating most of
the strain has been recovered (compare Fig. 4.22a and 4.23a). Therefore, very large

viscoelastic strains are present at the crack tip. After subsequent annealing, essentially
all the remaining strain was recovered, indicating that essentially all the crack tip strain
that occurs prior to crack advance is viscoelastic.

The size of the "plastic zone" shown in Fig. 4.23 (nonlinear viscoelastic zone) is
similar to the plastic zone shape predicted by Tuba 184', with the size approximately
the same as well. The disagreement can be associated to the limits of the measuring
accuracy of the strain field mapping technique, and the facL that it is uncertain if indeed
the load level reached in Fig. 4.22 is the maximum load.

4.3.2 Mode II Delamination Strain Fields

Figure 4.24 shows a micrograph of the unidirectional AS4/3502 composite illus-
trating the failure zone or damage zone ahead of the crack tip sometime prior to mode
II crack growth and the associated shear strain field -'zy . The highly strained region is
confined within the resin rich region at the midplane with microcrac':ing defining the
failure zone (some of the microcracking may be microcracking of the gold-palladium
film used to minim;,e charging). The failure zone is approximately 180 pm long. Hibbs
83' has observed similar values of the failure zone size with another brittle composite,
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Figure 4.22 (a) mode I crack tip of F155 under the SEM duringI fracture (b) Normal strain field in y direction
(c) contour plot of normal strain field
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I AS4/3501-6. Definition of the exact location of the crack tip becomes difficult. The
maximum shear strain is approximately 200 in the neighborhood of the crack tip. The
measuring accuracy is approximately = 50 for this magnification. This low resolution
is because of the large field of view that showed the extent of the damage zone. Corleto
and Bradley [521 have noted that at the root of the hackles of this composite, large
rotations are observed. Therefore, the -y, value of 200 affirms this observations. Also,
this finding is in sharp contrast to the 1% elongation to failure reported from tensile
tests of this resin [52]. However, this is not surprising since as discussed in the previ-
ous section, the F155 and 3501-6 resins (3501-6 is a similar resin as 3502) also showed
significantly higher maximum crack tip strain prior to failure than the strain to failure
measure from a tensile test.IBecause the failure zone is mostly defined by the formation of microcracks, the
shear strains plotted in Fig 4.24 should be uaiderstood as an apparent (or pseudo)
strains. That is, the strain is in a region of discontinuities and it represents displacement
in a volume of material with mic~ocracks. The displacements are not due to resin and/or
fiber straining alone but include components resulting from microcracking.

i Figure 4.25 shows the apparent normal strains E and E., , and the shear strain
i-Y of reg iL A indicated in Fig. 4.24 where hackles are in the process of rotation. The
centei- region of this plot coincides with the crack plane where the hackles have beenI formed. Note how the value of c,., is practically negligible compared to Ey ; that is, in
the order of 12%. I-y is approximately 160 . The measurement accuracy is - 3% for
the normal strains, and - 2' for the shear strain. The improvement in accuracy was
achieved by basically increasing the effective gauge length at which the measurements
were made.

The strains measured are definitely surprisingly high. However, it should be kept
in mind that they are apparent strains that reflect primarily displacements in the failure
zone due to microcracking.

I Figure 4.26 shows the mode II failure zone and corresponding shear strain field of
T6T145/F185 unidirectional composite. A considerable amount of resin deformation
and microcracking is observed. The failure zone is mostly contained in the resin rich re-
gion between plies, although microcracking and resin deformation are observed several
fiber diameters away from it. Final hackle formation is not observed. This is consis-
tent with the observations in [52] were extensive resin deformation overshadow hackleIformation. The length of the failure zone is very long, and as previously reported [52],
is greater than 1000 ym long. This damage zone is larger than the previous damage
zones of less tough composites (Figs 4.21 and 4.24). In contrast to the strain field ofI AS4/3502, it does not drop off as fast ahead of the macroscopic crack. In fact, the
strain seems to be approximately the same for a distance of at least 150 micron. This
shear strain is approximately 50± 50 . The plot only included the highly deformed
region in the resin rich region between plies (note how deformation is observed 2 to 4
fiber diameters away from the resin rich region between plies).

i To have a better measure of the magnitude of the strains in the failure zone of
T6T145/F185, strain measurements of region A indicated in the micrograph in Fig.

4.26 are presented in Fig. 4.27. E is seen to be in the order of ± 19± 3%. Note also

i
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I how heterogeneous is the strain field, being negligible where the fibers are but with
a high degree of straining indicated in by the plastically deformed and microcracked
region. In this case, the strain level measures not only the pseudo strain associated
with microcracking but also a very significant component due to resin straining. This
is expected since the F185 resin is much more ductile that the 3502 resin.

i The apparent eyy is also high, in the order of 18± 3%, which is similar to that
observed for c, , although somewhat more uniform. With regard to Y y , it is consid-
erably higher, in the order of 47± 20 . This seems surprisingly high if only the results
of strain to failure from standard macroscopic tensile tests are considered. Strain to
failure fo the F185 resin is reported to be 8% to 9% [52], although Chackachery [85] has
reported 15% or greater values with failures occurring at incipient flaws. Therefore,
since a tensile test provides a lower estimate of the strain to failure of resins, (it has
been discussed already that even brittle resins show much higher tensile elongations
from a mode I test than a macroscopic tensile test [52]), F185 should deform even more
in this case.

As it can be seen for both composites, particularly for the brittle AS4/3502 com-
I posite, a considerable component of the strains measured are due to microcracking.

However, it can be argued that as long as there is any load bearing capability in these
microcrack regions (which seems to be the case), the composite is under an stress level
that corresponds to the strain levels. A key question to address then is what are the
constitutive properties in these damaged regions that relate these strains to correspond-
ing stresses. This is particularly necessary in the development of analyses capable of
predicting delamination fracture toughness. Possible approaches to determine the con-
stitutive properties in these damage region could be by developing micromechanical
models that include the formation of microcracks either implicitly in their effect on the
constitutive properties, or explicitly in the model. Strain data as the one obtained in
this investigation may be useful in the formulation and evaluation of such models. A
microcrack density damage parameter as a function of normal and shear strains of a
fiber reinforced composite has been proposed by Corleto and Bradley [86]. Their exper-
imental assessment of this damage parameter indicates a linear relationship between

I growth of microcracks and normal and shear strains as shown in Fig. 4.28.

As it was found in Chapter 3, the toughness of T6T145/F185 was approximately 4
times that of AS4/3502. From the resutls of the damage zones and strain field of these
composites, it is clearly evident that an increase in mode II delamination correlates
well with an increase in damage zone size ahead of the crack tip and an increase in the
critical crack tip strain level reached at fracture. The increased resistance is the result
of an increased capability of the resin to deform, permitting load redistributions ahead
of the crack tip. This process demands more energy to reach the critical strain at the
crack tip for crack advance. The fibers also help with the load redistributions as well
[87]. Further, due to the increase capabiltiy of tougher resins to deform, the critical
strain at the crack tip for the composite increases as well.

I It needs to be mentioned that the strain measurements shown depend on the
thickness of the resin rich region between plies as all rotation occurs in the resin. Thus,
to the extent that gage section includes fibers, real resin strain is underestimated.



1.28

3 0.16-

0.14-

0.12-

I ~j 0.08-

3 0.06-0

0.04-

1 0.02-

0.00 TS0.04 0.06 0.0R 0.10 0.12 0.14 0.16 0.18

I 6 yy

0.25-

0.20-

3 0.15-

1 0.10-

3 0.05-

0.00,30.2 0.3 0.4 0.5 0.6

3 Figure 4.28 Damage parameter as a function of (a) normal

strains and (b) shear strains.



129

Correlation of Jjj with in-situ observations and strain measurements reveals the
possibility of relating Jj1 with local parameters, namely the strain level at the crack
tip and the size of the damage zone. Great similarity of the physics of mode II delami-
nation with the Dugdale yield strip model of yielding in thin cracked metal sheets [88]
indicates that idea that this model could be used to develop one for cracked orthotropic
beams under mode II delamination. A relationship relating shear displacements at the
crack tip, yield stress, crack length, and the length of the damage zone has already
been developed using an edge dislocation theory model for isotropic cracked material
undergoing mode II loading at the crack tip [89].

Further, steady state crack growth implies that there is a constant critical shear
strain at the crack tip which is reached when the failure zone has also attained a
critical value. This feature, together with a model relating J11 with local parameters,
can be useful to define local stress parameters equivalent to yield stress in metals and
polymers for the damage zone of the composite that would naturally include the effect
of microcracking as well.

The other important task that would be valuable is the prediction of the dam-
age/failure zone sizes and critical strains of the composite based on the properties of
the fiber, resin, and very likely fiber/matrix interface properties. The strain measur-
ing capabilities demonstrated would be very useful. Finally, successful developement
of models like the ones outlined would provide a powerful tool to predict mode II
delamination resistance of composites from the properties of the constituents.

In an attempt to have an indication for the strains that develop in an angle-ply
delamination plane, normal and shear strains have been calculated from the dot map
in the regions indicated in Fig. 4.19. In region A, the dot map from which the strains
are calculated is contained within the resin rich region between plies and is shown in
Fig. 4.29. The E,, strain field indicates compressive as well as tensile strains. However,
they are much smaller compared to the EY strains that have rapidly gone from -8±
3% to 17± 3%. The negative ey is seen in the lower part of region A where the white
corrugated lines are observed. The positive EY strains are seen more in the upper part
of region A where microcracking begins to form. Finally, the shear strain has reached
a level of 29± 20 and it is more uniform. It appears that the fibers tend to have a
greater effect on the distribution of the normal strains than the shear strains.

The strains associated with region B are presented in Fig. 4.30. The strain distri-
bution has changed dramatically for the normal strains. The shear strain has increased
slighlty from that region A. In this case (Fig. 4.30), the effect of off-axis fibers on the
strain field can be clearly seen. E. has increased towards the positive direction indi-
cating the stress intensity the fibers induce on E, . On the other hand, the EY strains
have increased towards the negative side. This negative strain is somewhat surprising
and seems to be due to the high heterogeneity the off-axis plies give to the crack front.
However, due to the out-of-plane displacement in part of region B, these results need
to be taken with caution.

The shear strain has been slightly increased as the fibers are approached. Appar-
ently, the fibers shift the path where the maximum strain is developing towards areas
where there is more resin and therefore allow deformation and microcracking to occur.



130

I REGION A

IT2C145/F155 >
(300)

C > 1

1>

of~~~ ~ ~ ~ a5 +-0agepyo 215F



131

I MULTIDIRECTIONAL MODE 11 DELAMINATION

I T2C 145/F155
(±300)

U REGION B

0 C

I QQ0

Fiur 4.0 Nra n-ha tanofrgo hw nFg .0
ofa6 3 nl-lyo 215F5



I
]32

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I Figure 4.31 Fracture of a +-30 angle-ply in the SEM of T2C145/F155

I
I
I



133

The fibers are very stiff and will experience little to no deformation. In this shifting
process forced by the fibers, normal strain are generated. This process will occur as
long as the crack is within the resin rich region between plies.

Physical evidence that corroborates the opening and compressive strains that de-
velop in the angle-ply delamination plane is shown Fig. 4.31. Ideally, under simple
shear loading, the microcracks would form in the direction of the principal normal
opening strain. Therefore, they should form oriented at 450 with respect to the plane
of crack growth (x direction). However, the micrographs in Fig. 4.31 show the mi-
crocracks forming at variable orientations including nearly 900 , 450 , and o0 with
respect to the plane of crack growth. This phenomenon indicates that normal stresses
are developing. Basically, microcrack formation at angles greater than 450 but less or
equal to 900 indicates a normal c, strain component. If development is at 900 , the
region of microcrack formation is only experiencing a normal c. strain. Conversely,
development at angles less than 450 but greater or equal to 00 provide evidence of fx
strains developing with only e, acting when the microcracks form perpendicular to
the crack growth plane (00 ). The white corrugates lines indicate the direction of the
principal compressive normal strains and are always perpendicualar to the principal
opening normal strain.
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SUMMARY

The mode I and mode II delamination of multi-directional composite laminates
have been studied using a J-integral approach. The analytical and experimental for-
malism to apply the J-integral to delamination have been developed and verified on
three different composite material systems with matrix toughness varying from very
brittle to very tough. Large deflections and rotations, mid-plane straining and dis-

tributed damage are taken into account in the methodology. The experimental condi-
tions under which a path independent J may be measured have been established. The
effect of several variables including specimen geometry, stacking sequence, and mate-
rial constitutive behavior on the J -Moment-at-the-crack-tip relationship have been
determined.3 Multidirectional composite laminates are both more susceptible to far field damage
in the off-axis plies and less stiff that unidirectional laminates. These two factors cause
a greater tendency to geometric and material nonlinearity in delamination testing. The
use of a traditional G approach to characterize fracture behavior of such laminates gives
artificially high indications of the delamination resistance. However, the use of the J
approach developed in this research program satisfies in general the requirements of ge-
ometry independence. If the plies bounding the delamination plane are unidirectional,
the mode I and mode II delamination resistance as measureJ by J are the same as
that measured for delamination of a unidirectional composite laminate. The use of G
for such a comparison gives the erroneous indication that delamination resistance for
a multidirectional composite is greater than for a unidirectional composite.

Delamination of multidirectional laminates with off axis plies bounding the initial
delamination starter crack always resulted in the growth of the delamination crack into
th adjacent ply. For mode I delamination, the crack would move into the ply several
fiber diameters and then grow at the same elevation thereafter. For mode II delami-
nation, the crack tended to migrate further from the original delamination plane as it
grew along the length of the specimen. For both mode I and mode II delamination,
the critical J for crack growth was greater for multidirectional (delamination planes)
laminates than for unidirectional laminates. In the case of mode I delamination, the
delamination resistance did not seem to vary with fiber orientation whereas it mono-
tonically increased with increasing fiber orientation for the mode II case. The use of
a mode I induced precrack gave artificially low initial values for mode II delamination
crack growth which soon increased to a steady-state value. Since fiber bridging does
not play a significant role in mode II delamination, the R-curve like behavior is thought
to be an artifact of the use of a mode I crack to begin mode II delamination, rather
than representing some meaningful description of material behavior.

Strain field around the tip of growing cracks for neat resin, mode I delamination
and mode II delamination have been made. The critical strain to failure at the crack
tip is typically 3x to 10x the elongation observed in a tensile test. This indicates that
tensile tests on brittle systems are truncated by propagation of incipient flaws. On
ductile systems, tensile tests must have some significant degree of strain localization
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prior to fracture. The large crack tip strain fields measured in brittle systems are
exaggerated in part by the inclusion in the displacement, measures of microcracking
induced displacements in addition to resin strain. A highly complex strain state has
been measured for mode 1I delamination of multidirectional laminates.
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